Design Load Analysis of Two Floating Offshore Wind Turbine Concepts by Stewart, Gordon M
University of Massachusetts Amherst 
ScholarWorks@UMass Amherst 
Doctoral Dissertations Dissertations and Theses 
March 2016 
Design Load Analysis of Two Floating Offshore Wind Turbine 
Concepts 
Gordon M. Stewart 
University of Massachusetts - Amherst 
Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2 
 Part of the Energy Systems Commons 
Recommended Citation 
Stewart, Gordon M., "Design Load Analysis of Two Floating Offshore Wind Turbine Concepts" (2016). 
Doctoral Dissertations. 601. 
https://scholarworks.umass.edu/dissertations_2/601 
This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at 
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of ScholarWorks@UMass Amherst. For more information, please contact 
scholarworks@library.umass.edu. 
DESIGN LOAD ANALYSIS OF TWO FLOATING
OFFSHORE WIND TURBINE CONCEPTS
A Dissertation Presented
by
GORDON M. STEWART
Submitted to the Graduate School of the
University of Massachusetts Amherst in partial fulfillment
of the requirements for the degree of
DOCTOR OF PHILOSOPHY
February 2016
Mechanical Engineering
c© Copyright by Gordon M. Stewart 2015
All Rights Reserved
DESIGN LOAD ANALYSIS OF TWO FLOATING
OFFSHORE WIND TURBINE CONCEPTS
A Dissertation Presented
by
GORDON M. STEWART
Approved as to style and content by:
Matthew Lackner, Chair
Sanjay Arwade, Member
James Manwell, Member
Sundar Krishnamurty, Department Chair
Mechanical Engineering
ACKNOWLEDGMENTS
I would like to thank my committee; Prof. Matthew Lackner, Prof. Sanjay
Arwade, and Prof. James Manwell. I would also like to thank my honorary committee,
Dr. Jason Jonkman and Dr. Amy Robertson from the National Renewable Energy
Laboratory, who worked closely with me on this dissertation research. Additionally I
would like to thank two masters students whom I worked with for two of the sections
of this work, Lorenz Haid from the University of Stuttgart and his adviser Denis
Matha, and Lucie Barj from Pennsylvania State University, and her adviser Prof.
Susan Stewart. This work is supported by the Offshore Wind Energy Engineering,
Environmental Science, and Policy IGERT, number 1068864.
iv
ABSTRACT
DESIGN LOAD ANALYSIS OF TWO FLOATING
OFFSHORE WIND TURBINE CONCEPTS
FEBRUARY 2016
GORDON M. STEWART
B.Sc., UNIVERSITY OF MASSACHUSETTS AMHERST
M.Sc., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Matthew Lackner
Much of the United States’ wind resource is located over deep water where fixed-
bottom offshore wind turbines are cost-prohibitive. To capture this energy, floating
offshore wind turbines are being developed. However, current design standards do not
explicitly cover issues relating to floating offshore wind turbines, which leads to risk
and uncertainty in the design process. Two important issues that this dissertation
investigates are the effect of simulation length and wind and wave misalignment on
fatigue and ultimate loads. Experience in the offshore floating oil and gas industry has
recommended simulation lengths of 3-6 hours, but the wind industry typically simu-
lates between 10 minutes and one hour. The reasons for these simulation lengths is
explored and recommendations for floating offshore wind turbines are made. The cur-
rent offshore wind turbine design standard states that co-aligned wind and waves are
a conservative “worst-case” scenario for loads, but this assertion may only hold true
v
for fixed-bottom offshore turbines. A large operational design-space set of simulations
are run to determine the impact of wind and wave misalignment on floating offshore
turbines. Using results from both the simulation length and wind/wave misalignment
study, probabilistic methods are used to determine a minimum set of simulations that
is able to accurately characterize the loads response of floating platforms.
Reduction of avian impacts have long been an important concern for the instal-
lation of wind farms. There is large uncertainty in the impacts of offshore wind
farms on seabirds in the United States, as no offshore wind farms are currently op-
erating. In this dissertation, experience from Europe is used to create a model of
seabirds’ interaction with fixed-bottom offshore wind farms. This model is used in
a multi-objective optimization of the layout of a generic fixed-bottom offshore wind
farm, considering both impacts on birds as well as power production. To simulate
a farm comprised of floating offshore wind turbines, uncertainty in the positions of
the turbines in the farm is introduced, and the layout is once again subjected to a
multi-objective optimization.
vi
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INTRODUCTION
The ultimate intent of this dissertation is to reduce risk in offshore wind energy
development, specifically floating offshore wind energy development. Risk is a driver
of cost in wind energy economics, especially offshore. Design standards exist as
guidelines to reduce that risk, allowing for certification of a wind turbine design
that asserts that the design is sufficient to withstand all the forces and loads it will
experience over its lifetime. The design standard is a concise document, but much
research was needed to reinforce the claims that it makes.
Floating offshore wind turbines (FOWTs) are currently in the prototype phase of
design around the world. These offshore turbines have the advantage of being able
to be installed in deep water, reducing visual and noise impacts. The most recent
example of a floating prototype was installed off the coast of Maine, making it not
only the United States’ first grid-connected offshore wind turbine, but also the first
FOWT in the United States.
Currently, the design standards for offshore turbines make only a cursory men-
tion to floating platforms. The differences between fixed-bottom offshore (the current
state-of-the-art) and floating wind turbines from a design standpoint are mainly the
increased compliance of a floating platform and the addition of mooring lines. These
differences lead to many questions. For example, how do the increased periods of mo-
tion and other differences change the required simulation length? Also, do waves that
are misaligned with the wind cause larger loads than in conventional fixed-bottom
offshore turbines due to the induced motion in the off-wind direction? These first two
questions have the potential to greatly expand the required number of simulations
for loads estimation, so a third question is created: for floating design standards, are
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there advanced methodologies for minimizing simulation requirements while preserv-
ing accurate estimates of loads? These three questions have surfaced as being three of
the most important questions that must be answered to lay the foundation of a new
design guideline that would seek to reduce the uncertainty in the design of floating
turbines, and are thus the focus of this dissertation.
The second part of this dissertation moves away from the field of design standards,
but still deals with risk. Wildlife impacts from wind turbines have long been a
concern, especially for birds and bats. The ecological disaster of the Altamont Pass
wind farm in California demonstrated the effects of poor design and siting on local
avian populations. In order to avoid this issue for offshore wind in the United States,
we must look to Europe for guidance, as there have been many studies on the effects
of offshore wind on seabirds there. Of course, using studies from Europe to apply to
the United States’ environment comes with a certain amount of uncertainty, but it
is the best that we can do. An even bigger unknown is the effect of floating wind
turbines on birds. With FOWTs, the structure is no longer fixed, but is moving on
the order of tens of meters. This extra movement could influence birds that normally
exhibit strong avoidance behavior. In this dissertation, a model of bird movement
around wind farms developed in Europe is used to find optimal fixed-bottom wind
farm shapes for both birds and power production, and is then applied to a simple
model of a floating wind farm.
The contributions of this dissertation are as follows:
• A comprehensive meteorological and ocean condition database has been created
which includes post-processed data for 23 data buoy sites from around the
United States as well as representative sites for the East Coast, West Coast,
and Gulf of Mexico. These data are presented in conditional probability density
function form, which allows for direct applicability to an offshore operational
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design load case study (including wind/wave misalignment) as described in the
IEC design standards.
• The simulation length requirements for the two floating offshore wind turbine
platforms investigated in this dissertation are determined. It is found that
the for the spar buoy, 10 minute simulations (the wind industry standard) are
sufficient, but the semi-submersible requires longer simulations due to the slow
natural periods of this platform.
• The effects of wind/wave directional misalignment are found to be minimal for
the spar buoy, as the consideration of as few as two wave directions; aligned with
the wind direction and perpendicular to the wind direction, is sufficient. For
the semi-submersible, due to the more complex platform geometry, at least 6
wave directions are needed to accurately characterize the side-side tower loads.
• Four methods of reducing the number of simulations needed to create an ac-
curate estimate of lifetime fatigue damage for an operational design load case
are discussed. A novel genetic program and a method of probability sorting are
found to be the most effective, with as few as 100 simulations creating a fatigue
estimate within a few percent of the fatigue damage estimated using over 30,000
simulations.
• A wind farm spatial optimization routine is developed that can take into account
avian impacts as well as power production. Various wind farm configurations
created by this algorithm are discussed.
This dissertation is divided into 7 chapters. Chapter 1 conducts a review of the
main works of literature on the subject of loads analyses for offshore wind turbines.
Chapter 2 describes the creation of a offshore metocean condition database for general
use in offshore wind turbine research. In Chapter 3, the necessary simulation length
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for two FOWT designs is determined. Chapter 4 investigates the impact of the
misalignment of wind and waves on two FOWT concepts. In Chapter 5, the results
from Chapter 4 are used to create methodologies that allow a designer to reduce
the number of simulations that need to be run for design load cases. A preliminary
study involving the work on wind farm optimization with respect to avian impacts is
discussed in Chapter 6. Finally, Chapter 7 outlines the conclusions and future work.
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CHAPTER 1
LITERATURE REVIEW
The literature review for this dissertation provides a brief background section on
offshore wind turbines in general, and then focuses on previous work in the field
of loads analyses for offshore wind turbines (OWTs). Many of the techniques and
methodologies used in the literature in this section are applied to this dissertation’s
research.
1.1 Offshore Wind
Offshore wind turbines have advantages and disadvantages over their onshore
counterparts. The wind resource offshore consists of both higher wind speeds and
lower turbulence, as well as lower wind shear. The higher wind speed allows for off-
shore wind turbine capacity factors to be higher on average, and the lower turbulence
and shear reduce wind-induced blade loads [48]. In addition, visual and noise impacts
are reduced due to the larger distance from residences. Also, since most of the pop-
ulation of the United States in near the coasts, the power produced by offshore wind
can be used near the load centers, reducing transmission costs. Figure 1.1 shows the
United States wind resource onshore and offshore.
Figure 1.1 clearly shows the superior wind resource available offshore. However,
there are drawbacks to offshore wind turbines. The major drawback is the increased
support structure costs as well as the increased cost of maintenance. Also, offshore
turbines experience increased loading from waves and currents, which necessitates
stronger and more expensive components.
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Figure 1.1: Wind resource map of the United States [59]
Figure 1.2 shows how the design of the offshore wind turbine must change to
economically access deeper water. Most installed OWTs today use a monopile type
foundation, which consists of a single large tube driven into the seabed as the support
structure. However, since much of the offshore wind resource in the United States
and throughout the world is located over deep water, floating platforms are now being
developed and prototyped to access this resource.
1.1.1 Floating Offshore Wind Turbines
Floating wind turbines are the focus of this dissertation. This technology is in
its infancy for offshore wind turbines, but floating oil and gas platforms have been
operated for about 40 years. A number of studies have proven the feasibility of floating
6
Figure 1.2: Evolution of offshore turbine support structure design for deeper water
[32]
wind turbines [10, 11, 34]. In addition to being able to be placed in deeper water,
floating turbines may offer the advantage of being able to be assembled in a port and
towed out, depending on the platform type. Figure 1.3 shows a depiction of three
different types of floating platforms, which are classified by the stabilizing method.
The representative designs in Figure 1.3 should not be seen as completely distinct
designs, as each includes some component of the other stability mechanisms. For
example, the spar buoy and barge-style platforms both derive some stability from
mooring lines, but the dominant stability mechanism is ballast and buoyancy, respec-
tively. This dissertation presents results the spar buoy platform, which is discussed
in Section 1.1.2 and the semi-submersible platform, summarized in Section 1.1.3.
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Figure 1.3: Three floating wind turbine concept designs [32]
1.1.2 OC3 Spar Buoy
A Norwegian company, Statoil, developed a spar buoy design that is currently
supporting a Siemens 2.3 MW turbine in a floating demonstration project, the Hywind
project. NREL modified this design to be compatible with the NREL 5MW turbine
(see Section 1.3.2), and the result is called the OC3-Hywind Spar Buoy [31]. Figure
1.4 shows the design, and physical properties of the platform can be seen in Table
1.1.
The spar buoy uses a heavy counterbalance at the base of the spar to move the
center of mass below the center of buoyancy. This creates a restoring moment if the
spar is pitched or rolled. This design lacks stiffness in the yaw degree of freedom
however, which is countered by a “Y” shaped mooring line configuration. The off-
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Figure 1.4: Graphic depicting the OC3-Hywind Spar Buoy [31]
shore code comparison collaboration (OC3) developed corrections to the model to
account for this mooring configuration as well as other model discrepancies that were
discovered with the use of experimental comparisons.
1.1.3 OC4 Semi-submersible
The semi-submersible-style platform is a buoyancy stabilized platform, with pon-
toons located in an array around a central hub. The specific semi-submersible used in
this dissertation is the Offshore Code Comparison Collaboration Continuation (OC4)
semi-submersible [52]. It is based on a design developed by the University of Maine
for use in their 1/50th scale wave tank tests. This design has been scaled up and
modified to use the NREL 5-MW research turbine.
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OC3-Hywind Spar Buoy
Diameter 6.5 to 9.4m
(is tapered)
Draft 120m
Water displacement 8, 029m3
Mass, including ballast 7.47× 106kg
CM location below 89.92m
still water level (SWL)
Roll inertia about CM 4.23× 109kg ·m2
Pitch inertia about CM 4.23× 109kg ·m2
Yaw inertia about CM 1.64× 108kg ·m2
Number of mooring lines 3
Depth to fairleads, anchors 70m, 320m
Radius to fairleads, anchors 5.2m, 853.9m
Unstretched line length 902.2m
Line diameter 0.09m
Line mass density 77.71kg/m
Line extensional stiffness 3.84× 108N
Table 1.1: Table showing the parameters of the OC3 spar buoy [31].
1.2 Offshore Environment
The offshore environment, in the context of this dissertation, consists of all of the
weather and water influences that an offshore wind turbine may see in its lifetime.
This includes wind, waves, currents, tides, floating ice, hurricanes and other storms,
and earthquakes. While a design standard must consider all of these, this dissertation
will focus on a subset of these conditions, namely, wind and waves. Wind is defined
by the mean wind speed and the turbulence intensity. The definition of turbulence
intensity can be seen in Equation 1.1:
TI =
σu
U¯
(1.1)
where TI is the turbulence intensity, σu is the standard deviation of the wind speed,
and U¯ is the mean wind speed [42]. Figure 1.6 shows a quantitative spectrum of wind.
The so-called “spectral gap” occurs between the turbulence and semi-diurnal peaks.
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Figure 1.5: Graphic depicting the OC4 Semi-submersible [52]
This lack of spectral energy validates the assumption of stationarity of wind for time
periods of less than approximately one hour.
Ocean waves have many causes, but the waves with the most impact on offshore
platforms are caused by the wind. Figure 1.7 shows a quantitative depiction of the
wave spectrum. Only the section labeled “wind waves” is used in the simulations
in this dissertation. This section of the spectrum is modeled using the Joint North
Sea Wave Project (JONSWAP) spectrum [22]. An inverse fast Fourier transform is
performed to create a wave elevation time-series from the JONSWAP spectrum. [8]
1.3 Simulation Tools
This research uses many computer-aided engineering (CAE) tools developed at the
National Renewable Energy Laboratory (NREL), including FAST, TurbSim, MLife,
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Figure 1.6: Quantative spectrum for wind [38]
Figure 1.7: Quantative spectrum for waves [38]
and MExtremes. These codes have been verified and validated against experiments,
and provide reasonable accuracy at low computational costs. The following section
outlines the tools and models used in this dissertation.
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1.3.1 FAST
The main wind turbine modeling tool that this research uses is FAST. FAST is a
time-domain fully-coupled aero-hydro-servo-elastic code for simulating horizontal-axis
wind turbines (HAWTs). This program is open source, and relies on a few modules to
run. AeroDyn is the aerodynamics module, which relies on blade-element momentum
(BEM) theory with corrections for tip and hub losses and dynamic stall. AeroDyn can
be run as a stand-alone program. HydroDyn is the internal hydrodynamics module,
which uses linearized wave theory with the viscous drag term from Morison’s equation.
The structural solver uses a modal representation method to define the flexibility of
the blades and tower. Finally, a controls module incorporates the blade pitch and
torque controllers for the wind turbine model [35, 36].
1.3.2 NREL 5-MW Turbine
It is difficult to get the details of a modern wind turbine due to intellectual prop-
erty concerns. For this reason, this research uses a representative 5 MW wind turbine
model developed by NREL. This “paper design” is based on the REpower 5M ma-
chine, a three bladed upwind machine with a 90m hub height and a 126m rotor
diameter [30]. Table 1.2 outlines other properties of the turbine. The baseline control
includes variable speed operation and collective blade pitch control. This turbine is
used for many research efforts as it provides a common model for comparison between
studies.
1.3.3 TurbSim
To create the wind files used for the offshore simulations, TurbSim is used [29].
TurbSim uses an inverse fast Fourier transform for multi-dimensional fields to intro-
duce turbulence and spatial coherence in the generated wind field [40]. This process
produces a stationary time series of wind, and is this only applicable for time series
up to approximately one hour due to the spectral gap (see Section 1.2).
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Rating 5 MW
Rotor Orientation, Configuration Upwind, 3 Blades
Control Variable Speed, Collective Pitch
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m, 3 m
Hub Height 90 m
Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 11.4 m/s, 25 m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Rated Tip Speed 80 m/s
Overhang, Shaft Tilt, Precone 5m, 5◦, 2.5◦
Rotor Mass 110,000 kg
Nacelle Mass 240,000 kg
Tower Mass 347,460 kg
Coordinate Location of Overall CM (-0.2 m, 0.0 m, 64.0 m)
Nacelle Dimensions 18 m x 6 m x 6 m
Table 1.2: Physical Parameters of NREL 5MW Baseline Turbine [30]
1.3.4 MLife
Once FAST is run, MLife can be run to post-process the data [23, 24]. MLife
calculates the fatigue life and lifetime and short-term fatigue damage equivalent loads.
For lifetime fatigue, this program uses the probability distribution of the metocean
parameters to integrate the lifetime damage. There are many options included in this
script, including the use of different fatigue corrections like the Goodman correction.
For very large groups of simulations (see Section 4), the memory leaks in MatLab
become an issue, but the sub-functions can be used to perform the fatigue calculation
with less memory overhead.
1.4 Wind Turbine Design Standards
Wind turbine design standards provide guidance for both designers and certifi-
cation bodies. The International Electrotechnical Commission (IEC) has developed
design standards for both onshore wind, IEC 61400-1 [1], and offshore, IEC 61400-3
[2]. In these design standards, design load cases (DLCs) specify the loading as well as
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fault conditions and other scenarios that are important for turbine loading. The stan-
dards use a “load and resistance factor” (LRFD) design methodology, which means
that the load found through the DLCs must be lower than some calculated resistance
factor, a function of the material used as well as a defined safety factor [56].
The DLCs in the onshore and offshore standard are similar, but of course there are
waves and currents to include for offshore. Table 1.3 shows a brief description of each
design-load case. These DLCs are taken from the onshore standard, but the offshore
standard uses the same organization; adding simulations when needed to account for
different wave conditions.
DLC Numbers Description
1.1-1.5 Power Production, varying wind conditions
2.1-2.4 Power Production plus occurrence of various faults
3.1-3.3 Start up
4.1-4.2 Normal shut down
5.1 Emergency shut down
6.1-6.4 Parked rotor
7.1 Parked with fault
8.1-8.2 Transport, assembly, maintenance and repair
Table 1.3: Design load cases from IEC 61400-1 [1]
The two main questions of this dissertation, namely, what should the length of
floating platform simulations be, and how should wind/wave misalignment be han-
dled, should always be kept in mind. The offshore standard answers the first question
based on past experience in wind turbine simulation, and recommends 10-minute
simulations with 6 random seeds for most DLCs. Wind and wave misalignment is
discussed briefly, and considering co-directional wind and waves is recommended for
most DLCs, and the investigation of misaligned wind/waves is left to the discretion
of the designer. If misaligned wind/waves are used, 30 degree bins are recommended.
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1.4.1 Floating Wind Guidelines
Recently, two wind turbine certification bodies have released guidelines that specif-
ically discuss loads for floating wind turbines. The Det Norske Veritas (DNV) guide-
line states that floating wind turbine simulations should be between 3-6 hours, to
“adequately capture effects such as non-linearities, second order effects, and slowly
varying responses, and to properly establish the design load effects” [3]. However,
there is no quantification of these effects or proof that longer simulations will provide
a better estimate. Slow drift motions [15] may be of concern with some platforms,
however, Roald et al. have shown that they are negligible for the spar buoy [51].
On the subject of wind and wave misalignment, DNV states that the joint probabil-
ity distribution should be used, but does not specify the width of the recommended
bin size. The other guideline recently released is by the American Bureau of Ship-
ping (ABS). This study used the IEC offshore standard DLCs, and as such, did not
consider wind/wave misalignment for power production cases, or simulation lengths
other than 10-minutes (or one hour for some DLCs). Wind and wave misalignment
was considered for the parked DLCs, and it was found that co-linear wind and waves
created the highest loads in these conditions [6]. Saigal compares guidelines from
IEC and DNV, and also includes comparisons to guidelines from Germanischer Lloyd
(GL) and the American Petroleum Institute (API) [56].
1.5 Loads Analysis
There has been much research on the estimation of loads in offshore wind turbines.
Most studies use computer simulation, often using FAST, to simulate a large number
cases with different inputs (usually the IEC load cases), and measure the loads from
that. An interesting study by Barone et al. for an onshore turbine used Monte Carlo
selection to generate wind parameters (mean wind speed and turbulence intensity) for
enough 10-minute simulations to produce 94 years of total simulation time [7]. The
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study of the data from these simulations is ongoing, and is mainly focused on at the
validity of extreme load extrapolation techniques. There are a number of studies that
compared loads from various offshore wind turbine designs [33, 34, 44, 53, 66]. All
of these studies used the IEC offshore design standard for the load case definitions.
Design load cases can also be used for support structure design optimization, as shown
by Van der Tempel and Fischer [17, 64]. A recent study by Guanche uses a maximum-
dissimilarity algorithm to generate a representative set of wind and wave parameters
to reduce the number of simulations required to generate similar loads to the standard
IEC load cases [20]. However, this paper uses a simplified linear approximation of
the forces on the turbine, rather than a fully-coupled non linear analysis.
1.5.1 Fatigue Loads
This dissertation considers both fatigue and ultimate loads. Fatigue loads are
cyclic loads that cause additive damage over time to a structure or component, and
can be very important for wind turbines [63]. Fatigue causes the formation of cracks,
which can eventually cause failure. Fatigue damage is calculated in this dissertation
using a rainflow counting algorithm [14]. A few studies have looked at the effect of
wind and wave misalignment on the fatigue of a monopile [18, 49]. It was found
that wind/wave misalignment can significantly increase side-side tower loading on
a monopile. In 2005, Veldkamp looked at the effect of various wave models on the
fatigue of a monopile [65]. The results show that second order wave effects may
become non-negligible for higher wave heights.
1.5.2 Ultimate Loads
Extreme loads are much harder to predict than fatigue loads. By definition, they
occur very rarely, so simulating these loads either involves extrapolation from normal
events or simulation of discrete extreme events such as predefined gusts. Statistical
extrapolation of the tails of the load distribution has become a topic of much study,
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with many different methods used [19, 46, 47, 50]. Manuel et al. focus on identifying
the extreme load distributions of a spar buoy [41], while Johannessen et al. use a
model test of a TLP to create extreme waves and loads [26]. Agarwal and Manual
use measured field data of a monopile to tune their probabilistic models [5]. An
alternative way of looking at extreme loads is using limit state method. This type of
method produces a probability of failure, rather than utilizing the approach currently
specified in the IEC standard, the load and resistance factor design. While the load
and resistance factor design is more deterministic, with a design either failing to
have sufficient resistance to the load or passing, the limit state method quantifies the
risk of failure directly. Many of the civil engineering standards are starting to use
this method, and there has been some research into applying these methods to wind
turbines. Cheng in 2002 used a limit state reliability method for a monopile [12],
while Sultania et al. have applied the approach to extreme loads of a spar buoy [62].
1.5.3 Response Surface Methods
A proposed idea for this research is to use response surface methods (RSM) to
approximate the fatigue and ultimate load response. These surfaces could be created
from a small subset of simulations, and then be used to predict lifetime fatigue and
ultimate loads, thus reducing computational time. Response surface methods have
been used often in optimization of structures [57]. There are a number of different
method to create the response surfaces, including polynomial fits, splines, and kriging
[13, 28, 55]. Kriging is especially of interest, as it is a method that creates a very
accurate surface by using covariance functions. These methods are discussed further
in Section 5.3.
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CHAPTER 2
METOCEAN CONDITIONS
To determine loads on a floating offshore wind turbine, realistic characterization
of the offshore environment is an important factor. Floating offshore wind turbines
are unique compared to other offshore floating platforms in that loading from both
the waves and wind is important. Wind and waves are closely linked, with wind
being the cause of most waves. For these reasons, a joint analysis of wind and waves
is necessary.
One issue with writing generic design standards is that they must be applicable for
a wide range of possible locations. In the actual standard, there is usually language
about the importance of using environmental data specific to the proposed site, but
in order to answer the design questions about floating platforms proposed in this
dissertation, a sampling of different possible environmental conditions should be used
to ensure the applicability of the conclusions to a wide range of sites. The contents
of this chapter have been published in a short communication in Wind Energy [61].
2.1 Creation of dataset
High quality metocean data with high temporal resolution is difficult to find. A
good resource is the National Oceanic and Atmospheric Administration (NOAA).
This organization maintains an extensive network of floating data-collection buoys
scattered throughout U.S. and international waters. Data from these buoys can be
found at the National Data Buoy Center (ndbc.noaa.gov). These data are used to
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create the metocean condition probability distribution fits used throughout this re-
search.
The first step in this process is to download the data from the NOAA website,
which is helped by an automated MatLab script (see Appendix A). The selection of
sites to use is directed by the need for at least 5 years of data per site, and five sensors
that are deemed mandatory for this study: mean wind speed, significant wave height,
wave peak spectral period, wind direction, and wave direction. The requirement for
a wave direction sensor proved to be the most limiting, but 28 sites were found that
met all these criteria. Figure 2.1 shows the location and name of the sites that were
downloaded from the NOAA database.
Figure 2.1: Map depicting names and locations of the data buoys used for this study
(orange dots).
The data are collected differently for the different sensors. The wind speed data are
averaged over 8 minutes, and is reported hourly. The wind direction is the average
direction over the same 8 minute averaging period. The significant wave height is
measures as the average height of the highest 1/3 of waves over a 20 minutes period,
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also reported every hour. Peak spectral period is the wave period with the maximum
wave energy over this same 20 minute wave measuring period. Wave direction is
reported as the direction from which the waves at the dominant period are coming.
The data from the NOAA buoys are full of missing entries for various sensors, and
significant post-processing is required for each site. While a number of interpolation
schemes could be used to predict the missing data, this was deemed unnecessary due
to the large volume of clean data available for each site, and the possible biasing that
interpolation would introduce. Instead, any entry that was missing data for at least
one of the important sensors (mean wind speed, significant wave height, wave peak
spectral period, wind direction, and wave direction) is discarded.
Post-processing of the data continues with the scaling of the wind speed to hub
height of the wind turbine that is used, which is 90 meters. Most of the buoys had
anemometers at 5 m above sea level, with a few at 10 m. Most engineering approaches
use either log-law or power-law wind shear equations, which can be seen in Equations
2.1 and 2.2 respectively:
U(z) = U(zr)
ln(z)− ln(z0)
ln(zr)− ln(z0) (2.1)
U(z) = U(zr)
(
z
zr
)α
(2.2)
where U(z) is the wind speed at height z, U(zr) is the reference wind speed at height
zr, z0 is the surface roughness length, and α is the power law exponent. The surface
roughness length and the power law exponent are empirically fit to measure wind
speed data over different surfaces. For offshore wind, z0 varies from 0.20mm for calm
open sea to 0.50mm for blown sea, and α is usually between 0.7 and 0.15. These two
shear laws are simplifications of actual shear profiles, which depend on boundary layer
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stability as well as surface roughness and other factors. NOAA has developed a model
called the COARE model that includes a modified log-law that uses wave height to
estimate the ocean surface roughness, and air temperature, water temperature, and
humidity as an indicator of atmospheric boundary layer stability [16]. Since the data
buoys include sensors that report the needed inputs for the model, a more accurate
hub-height wind speed prediction can be determined using the conditions at each data
entry. When implementing this model, the average value was used for data points
that were missing data for a certain sensor (air temperature, water temperature,
and humidity). Figure 2.2 shows a comparison of average hub height wind speeds
for 2 power law approximations and the COARE model for all of the sites. Note
that this figure is sorted by descending average wind speed from the COARE model.
Interestingly, the power laws over-predict the wind speed for some sites compared to
the COARE model, and under-predict for others.
To reduce the environmental variables needed for the study, the wind direction
and wave direction are combined into one measure: wind/wav misalignment angle.
This is defined as the difference between the wind direction and the wave direction.
Care must be taken when subtracting angles to ensure that the difference is between
-180 and 180 degrees.
2.2 Creation of conditional PDFs
With the post-processing complete, including scaling the wind speed to hub height,
the data can be used to create conditional probability distibutions that can then be
used to assign probabilities of combinations of conditions. Since metocean conditions
are not independent of each other, certain conditionalities are used to characterize the
probability density functions at each site. For this study, the following conditionalities
are used, as defined in the design standards:
• Wind speed is considered an independent parameter
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Figure 2.2: Comparison of COARE model prediction to two power law approxima-
tions of hub-height wind speed for all sites.
• Wind/wave misalignment is conditioned by wind speed
• Significant wave height is conditioned by wind speed and wind/wave misalign-
ment
• Peak spectral period is conditioned by wind speed and significant wave height
The distributions are chosen based on the literature and best fit to the data. A two-
parameter Weibull distribution is used for wind speed, gamma distributions are used
for significant wave height and peak spectral period, and a von Mises distribution is
used for the wind/wave misalignment. The equations for the PDFs and CDFs of each
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function can be seen in Table 2.1. In Table 2.1, Γ is the gamma function and I0 is
the modified Bessel function of order zero.
Distribution Parameters PDF CDF
Weibull λ, k
{
kλ−kxk−1e−(
x
λ)
k
, x ≥ 0
0, x < 0
{
1− e−( xλ)
k
, x ≥ 0
0, x < 0
Gamma k, θ
1
Γ(k)θk
xk−1e−
x
θ
1
Γ(k)θk
∫ x
0
tk−1e−
t
θ dt
Von Mises µ, κ
eκcos(x−µ)
2piI0(κ)
non-analytical
Table 2.1: PDF and CDF equations for the three probability distributions used in
this research
To construct the conditional probability distribution fits, for significant wave
height for example, the data are separated into bins of wind speed and wind/wave
misalignment, and probability distribution parameters are fit to the significant wave
height for each bin. The binning scheme used to create the conditional probabil-
ity distributions can be seen in Table 2.2. These bins are also used to define the
simulations run in Section 4.
Parameter Bin Width Range
Wind Speed 2m/s 3− 25m/s
Wind/wave Misalignment 15◦ −180◦ − 180◦
Significant Wave Height 0.5m 0− 13m
Peak Spectral Period 0.5s 0− 27s
Table 2.2: Bin ranges and widths for the 4 metocean parameters
Figures 2.3-2.5 show examples of the probability distribution fits for various bins
and sites. One difficulty with this approach is that many bins, for example, bins with
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Figure 2.3: Wind/wave misalignment Von Mises distribution fit examples
Figure 2.4: Significant wave height gamma distribution fit examples
high wind speed and low waves, are very unlikely, and may have only a few instances
of occurrence in all of the downloaded data. There are a few ways to handle this
issue, including lumping many unlikely events into one bin, and assuming that the
probability distribution of the unlikely bins is some function of surrounding, more
likely bins. The approach taken in this research, however, is to simply assume that
the probability of any bin with 5 or fewer data points is zero.
As an example, let us consider the creation of a probability distribution for peak
spectral period for the highest wind speed bin (23−25m/s), and the lowest significant
wave height bin (0− 0.5m). For a given site with ten years of data, these conditions
may have occurred 5 times. This corresponds to a probability of 6x10−5. If we then
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Figure 2.5: Peak spectral period gamma distribution fit examples
create a probability distribution of the peak spectral period of the waves for these 5
data points, the probability is further reduced as each combination of parameters must
be multiplied by the probability of that peak spectral period occurring. Equation 2.3
describes this point in more detail.
P (U,Hs, Tp, β) = P (U)P (β|U)P (Hs|U, β)P (Tp|U,Hs) (2.3)
In this Equation 2.3, U is the wind speed, β is the wind/wave misalignment angle,
Hs is the significant wave height, and Tp is the peak spectral period. This equation
reflects the conditionalities discussed previously. It is clear that, as in the previous
example, if one of the conditional probabilities is small, then the total probability will
be very small, as each conditional probability is less than one by definition.
2.3 Averaging for generic sites
Once all of the distributions are created for each site, the site information needed
to be combined in some way to create three representative sites for the United States.
Figure 2.6 shows a plot of the mean wind speeds and significant wave heights for
each site (The San Clemente Basin site is removed from the study due to its low
wind speed). Using this plot, a number of ways are proposed to group the sites, and
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a geographical grouping as shown by the legend in the figure is chosen as the best
method.
Figure 2.6: Plot showing mean wind speed and significant wave height for each site.
To create the East Coast, West Coast, and Gulf of Mexico sites, averaging is done
for all of the distribution parameters for the sites in each group. Since Weibull and
Gamma distributions use shape and scale parameters instead of mean and standard
deviation parameters, simple averaging of these parameters leads to erroneous results
because the mean and standard deviation are functions of both parameters. To create
the average parameters, therefore, the scale and shape parameters are converted to
mean and standard deviation, averaged for the sites in the groups, and converted back
to scale and shape parameters. The probability density functions that are created
this way are then compared to the original sites. Figures 2.7-2.10 show examples of
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Figure 2.7: Wind Weibull distributions comparing individual sites (colored lines) to
the mean east coast distribution (black line).
the comparisons for the East Coast site. The data discussed in this chapter is being
hosted on NREL’s website at: https://nwtc.nrel.gov/metocean.
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Figure 2.8: Significant wave height distributions comparing individual sites (colored
lines) to the mean east coast distribution (black line).
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Figure 2.9: Peak spectral period distributions comparing individual sites (colored
lines) to the mean east coast distribution (black line).
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Figure 2.10: Wind/wave misalignment angle distributions comparing individual sites
(colored lines) to the mean east coast distribution (black line).
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CHAPTER 3
SIMULATION LENGTH
This chapter is also a result of a collaboration with a masters student, Lorenz Haid,
whose work can be seen in: [21]. As discussed in Section 1.4, the IEC 61400-3 fixed-
bottom offshore wind turbine design standard recommends 10-minute simulations
for design load cases involving normal operation, with at least 6 random wind and
wave seeds, resulting in 60 minutes of stochastic wind and wave inputs for each
environmental condition. The 10-minute simulation length is based on the spectral
gap of wind variation, which occurs between the turbulent and diurnal peaks in the
wind spectrum. Ten-minutes of turbulent wind can be approximated as stationary
within this frequency band. Experience from the offshore oil and gas industry has led
to recommendations of as long as 6 hours for a single floating platform simulation to
account for second-order slow-drift hydrodynamic effects. The goal of this simulation
length study is to address these vastly different length recommendations by running
simulations of floating wind turbines for varying lengths from 10-minutes to 6-hours,
and comparing both ultimate and fatigue loads.
3.1 Onshore Simulations
During the analysis of the ultimate loads for the floating platform simulations,
there was concern that changes in the discretization of the wind turbulence spectrum
that TurbSim uses were creating higher maximum wind speeds, and thus higher
maximum loads, for longer simulations. This concern prompted an investigation
that used a land-based turbine model in order to isolate loading influences from the
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wind inputs only. This study simulated 600 minutes total for each of 6 simulation
lengths; 10, 20, 30, 40, 50 and 60 minutes. Three wind speeds were used, 8 m/s, 11.4
m/s (rated wind speed), and 18 m/s.
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Figure 3.1: Mean of the maximum wind speeds from each simulation.
TurbSim uses a spectral sampling method to create a wind time series from a tar-
get wind turbulence spectrum. In this method, the spectrum is discretized and sine
waves at each discrete frequency are created with amplitudes corresponding to the
power in the spectrum at that frequency and randomized phases. The number of sine
waves that make up the time series corresponds to the level of frequency discretiza-
tion, which increases for longer simulations. Simulations using a land-based wind
turbine were run for varying simulation lengths to assess the effect of discretization
on the maximum loads and wind speeds. We determined that the discrepancies that
prompted the study were a result of the comparison of maximum loads from simu-
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lations of different length rather than any actual differences in the spectral sampling
method. If maximum values that are averaged across simulations of a given length
are compared to maximum values averaged across simulations from a different length,
the longer simulation length will show higher maximums (see Figure 3.1).
600 1200 1800 2400 3000 3600
0
5
10
15
20
25
30
35
Max wind speed of all simulations for each length
Simulation Time (s)
W
in
d 
Sp
ee
d 
(m
/s)
 
 
18 m/s
11.4 m/s
8 m/s
Figure 3.2: Absolute maximum of wind speeds from all simulations.
This indicates that average maximums from a long simulation cannot be compared
to the average maximum from a short simulation. Instead, either a single maximum
value from 6 10-minute simulations should be compared to the maximum value from
one 1-hour simulation (Figure 3.2), for example, or the average maximum value of
the 6 10-minute simulations should be compared to the average maximum value from
dividing the 1-hour into 10-minute sections (Figure 3.3).
The turbine response and loads due to the aerodynamic loading followed the same
trends as the wind statistics shown in Figure 3.2 and Figure 3.3, and so these results
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Figure 3.3: Mean of 10-minute maximums.
are omitted. While this result seems intuitive, it is important to consider the averaging
techniques used when analyzing simulations of different lengths, and to ensure that
only simulations of equal time length are compared.
3.2 Spar Buoy Simulation Length
Once it was clear that the length of the simulations with only wind inputs had
no effect on loads, a larger study investigating the effects of both wind and wave
inputs was conducted using the OC3 Hywind spar platform. Using FAST, a series
of simulations were run for 11 different wind speeds, using simulation lengths of 10
minutes, 20 minutes, 1 hour, 3 hours, and 6 hours [21]. The same total simulation
length (60 hours) was maintained for each simulation group. The expected value
of significant wave height and wave peak spectral period was used for each wind
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speed bin. For simulations longer than 10-minutes, repeated periodic wind inputs
were used. Time series created from spectral representation methods like the one
used in TurbSim are naturally periodic, with the period being the lowest frequency
used from the spectrum. For the longer simulations, it was found that the memory
requirements for a full turbulent wind file far exceeded the amount of RAM in most
computers. In addition, wind does not stay stationary for much longer than 10-
minutes, so simulating longer wind time series from spectral methods, which create
stationary data, was not realistic. For these reasons, periodic wind files were used.
Ten unique 10-minute wind files were created for each wind speed bin. These ten files
were used for each simulation length group, and repeated for simulations longer than
10-minutes. In this way, the total length of random wind (100 minutes) is preserved
for each simulation length. Similar efforts were made to keep the total random length
of wave inputs equal for different length simulations. Since there are no memory
limitations associated with simulating waves, periodic waves are not necessary. This
means that a 6-hour simulation will have a full 6 hours of stochastic waves, but only 10
minutes of stochastic (but repeated) wind. To have an equivalent group of 10-minute
simulations, 36 10-minute simulations were run for each 6-hour simulation. All 36
of these 10-minute simulations used the same wind input, to represent the periodic
wind input of the longer simulations. Table 3.1 shows the numbers of simulations for
each simulation length group.
3.2.1 Spar Buoy Extreme Loads
Using the procedure detailed in Section 3.2 that selects the absolute maximum
load across all simulations, the ultimate loads were calculated from the differing length
simulations. Figure 3.4 shows a plot of the ratios of the ultimate loads of longer
simulations compared to the 10-minute simulations, for four selected load channels.
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Simulation Total number Number of Number of
length of simulations simulations wave seeds
per wind bin per wind seed
(min) (-) (-) (-)
10 3960 360 36
20 1980 180 18
60 660 60 6
180 220 20 2
360 110 10 1
Table 3.1: Number of simulations for each simulation length
As in Figure 3.2, these loads represent the single highest load over all simulations of
the length shown.
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Like Figure 3.2, there is some noise in the ultimate loads, as this plot is based on
single events from the total 60 hours of simulation. However, Figure 3.4 shows no
trend in the ultimate loads with increasing simulation length. An alternative method
of comparison of the extreme loads is shown in Figure 3.5. This figure is created by
concatenating the shorter simulations so that the total simulation length is equal to
the longest simulation (in this case 6 hours), taking the maximum value from the
concatenated simulations, and averaging these maximums across the 10 wind seeds
(see Table 3.1). This method has less noise, and the comparisons between the different
simulation lengths are closer.
Both Figure 3.4 and 3.5 show that there is little variation for the spar buoy
extreme loads with varying simulation length. There are slight trends apparent for
blade flapwise bending moment and tower side-side bending momentthat can be seen
in Figure 3.5, but the magnitude of the difference is less than one percent between
10 minute simulations and 6 hour simulations.
3.2.2 Convergence of Statistics
The current offshore standard recommends 6 ten-minute simulations. There was
concern that this was insufficient for proper convergence of the statistics of the loads,
so an investigation was performed using the ten-minute simulation results. Specif-
ically, we were interested in the convergence of loads due to the wave inputs only.
For this reason, we used groups of 10-minute simulations that shared the same wind
inputs. For each wind bin, there were ten groups of 36 simulations that have iden-
tical wind (see Table 3.1). A Monte Carlo selection process was used to select 1000
subgroups of varying size from 1 to 30 simulations out of these 36 simulations. Statis-
tics of various parameters were calculated for each of these subgroups, which were
then compared to the statistics of all 36 simulations. The convergence of the mean
value of fore-aft tower bending moment can be seen in Figure 3.6. In this figure,
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the individual points represent the average mean loads from the randomly selected
subgroups of simulations. The solid line is the 95% confidence interval. With as few
as two simulations, there is a 95% confidence of being within 0.1% of the true mean
value. Figure 3.7 shows the convergence of the average of the maximum values from
each simulation. The maximum values need more simulations to converge, requiring
approximately 10 simulations to be within 2% of the true value.
These results show reasonable convergence for the mean using the current recom-
mendation of six random seeds. However, the maximum values may require more
seeds to converge, depending on the accuracy required. In addition, the results pre-
sented in this section all used identical wind inputs; a similar analysis should be
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Figure 3.6: Convergence of mean value of fore-aft tower bending moment.
performed using both random wind and wave inputs to determine the final recom-
mendation of required number of seeds. A similar, but more in-depth analysis of this
issue is conducted in Section 3.4.
3.2.3 Spar Buoy Fatigue Analysis
A fatigue calculation was conducted using MLife, which uses a rainflow-counting
algorithm to count damage-equivalent loads (DELs) for each simulation, and applies
a probability distribution and material properties to estimate lifetime damage and
time to failure. MLife uses Equation 3.1 to estimate the lifetime fatigue.
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Figure 3.7: Convergence of max value of fore-aft tower bending moment.
DELlife =

n∑
i=1
piDELi
m
n∑
i=1
pi

1
m
(3.1)
Since the set of simulations in this chapter use the expected value of wave height
and wave peak spectral period for each wind speed, the probability (pi) in Equation
3.1 is the probability density of that wind speed bin using the generic East Coast
site’s wind Weibull distribution, DELi is the short-term damage equivalent load for
a simulation, and m is the material exponent. Initial results, seen in Figure 3.8,
showed that fatigue loads increased as the simulation length increased. This result
was contrary to the results from the ultimate load analysis (Section 3.2.1), so further
investigation into the reasons behind this increase was conducted.
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Figure 3.8: Ratios of various simulation lengths DELs to 10-minute simulation DELs.
The cause of the increase in fatigue loads with increasing simulation length was
determined to be related to the way unclosed cycles were counted in the rainflow-
counting algorithm. Unclosed cycles, also called half or partial cycles, are generated
by rainflow-counting algorithms when peaks cannot be matched with equivalent but
opposite amplitude valleys [14]. Unclosed cycles are created at the beginning and
end of the time-series, and for large amplitude cycles. A weighting factor between
zero and one is applied to these unclosed cycles when the final damage is calculated.
In MLife, this weighting factor is known as UCMult. If a weighting factor of one is
used, each unclosed cycle is treated as if it were a full cycle, and if zero is used, the
unclosed cycles have no effect on the fatigue calculation. A factor of 0.5 is commonly
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recommended as a compromise. Figure 3.9 shows the effect of changing UCMult and
simulation length on flap-wise blade bending fatigue.
Figure 3.9: Flap-wise blade bending fatigue as a function of UCMult and simulation
length shown as a ratio to 10-minute blade bending fatigue.
In Figure 3.9, the effect of different UCMult values can be clearly seen. For
UCMult equal to one, fatigue loads were actually higher for shorter simulations. This
is because there were more unclosed cycles compared to the total number of cycles
for shorter simulations, so treating these as full cycles led to higher fatigue. For lower
UCMult values, the longer simulations showed drastically higher fatigue loads when
compared to shorter simulations. Once again, this was due to the ratio of unclosed
cycles to closed cycles. To prove that this effect was due to the algorithm and not any
physical phenomena, the group of six hour simulations was divided into 10-minute
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sections. A fatigue analysis was performed on these 10-minute sections using UCMult
equal to 0.5, and it was found that the fatigue was once again lower than the six hour
result. It was determined that one way to reconcile this problem would be to generate
equivalent UCMult values that could be matched with each simulation length to
produce the same results as the 6-hour simulations. The equivalent UCMult values
were created by dividing the 6-hour simulations into the various time lengths, and a
parametric study was conducted to find the UCMult value that gave approximately
the same fatigue as the 6-hour value. Some issues were found with this approach.
The equivalent UCMult value depends not only on simulation length, but also on the
material exponent (m) used in the fatigue calculation, and the type of load. Figure
3.10 shows the dependence of the equivalent UCMult value on the material exponent.
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Figure 3.10: Equivalent UCMult values as a function of m for 10-minute simulations.
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Figure 3.10 shows that there is a linear trend with m, but the slope and intercept
of the line depends on the load in question. This means that to get a fatigue result
equivalent to the six hour result, a different UCMult value would have to be specified
for each load in question and each value of m. Figure 3.11 shows the equivalent
UCMult values as a function of simulation length for a single m value.
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Figure 3.11: Equivalent UCMult values as a function of simulation length for m =
4/10.
In Figure 3.11, the values asymptotically approach the 6-hour value of 0.5. Func-
tional fits could be made to predict the required equivalent UCMult value as a function
of m and simulation length, but there was no clear way of creating a fit for the differ-
ences between output loads. As an alternative to developing a complex functional fit
that requires using different UCMult values for each output of interest, combinations
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of shorter simulations can be used to create a more accurate fatigue estimation. The
current offshore design standard calls for 6 random seeds of 10-minute simulations. If
these simulations are combined into one long time series before the fatigue calculation
is performed, the extra length causes the algorithm to complete more of the unclosed
cycles, and gives fatigue values that have the same accuracy as simulations with the
same total time. Figure 3.12 shows the convergence of blade flap-wise fatigue as a
function of total time.
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Figure 3.12: Blade flapwise DEL as a function of simulation length for m = 4/10.
By simply performing the fatigue analysis on the combined 1-hour time series
rather than each of the six 10-minute simulations, the percent difference from the
true DEL is reduced from 2% to 0.5%. When this was presented at a conference, it
was revealed that the wind industry often does concatenate the output from shorter
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simulations to get a more accurate fatigue estimate. Figure 3.13 shows the fatigue
results for various loads when concatenation has been performed. A comparison to
Figure 3.8 shows the improvement that this technique offers.
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Figure 3.13: Ratios of various simulation lengths DELs to 10-minute simulation DELs.
3.3 Semi-Submersible Simulation Length
Next, the simulation length study was performed for the semi-submersible plat-
form. Since the spar buoy simulation length study showed that by using correct
techniques, there were insignificant differences between simulation lengths, 6 hour
simulations were not run for the semi-submersible to reduce computing time. A set
of 30 minute simulations was added. Table 3.2 shows the simulation run for the
semi-submersible.
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Simulation Total number Number of Number of
length of simulations simulations wave seeds
per wind bin per wind seed
(min) (-) (-) (-)
10 1980 180 18
20 990 90 9
30 660 60 6
60 330 30 3
180 110 10 1
Table 3.2: Number of simulations for each simulation length for the semi-submersible
The semi-submersible simulations were run using FAST8, which has a number
of improvements that were necessary to model this complex platform. FAST 7 was
only able to model a single cylindrical vertical member for Morison’s equation, which
works well for the monopile and spar buoy, but is a poor approximation of more
complicated structures like the semi-submersible. In addition, FAST 8 allows for
modeling of second-order hydrodynamics, including both second-order waves and the
use of second-order potential flow theory. Lastly, FAST8’s modularization format
allows for easier customization of the source code, which will become important due
to a few simulation issues that were discovered.
For the semi-submersible, there was interest in not only investigating simulation
length, but also the affect of second-order hydrodynamics. The set of simulations was
therefore run with and without second-order effects and the results will be compared.
3.3.1 Tower Resonance
An issue was discovered while performing an initial analysis of simulation length
for the semi-submersible in which substantantial resonance between the 3P rotor
frequency and the first natural frequency of the tower. The 3P rotor frequency is equal
to three times the rotational speed of the rotor, and is important for three bladed
wind turbines such as the turbine used in this research because it is the frequency at
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which the blades pass the tower. This resonance issue was discovered when plotting
damage equivalent loads of the tower versus the wind speed for different simulation
lengths. An example of this plot for 10 minute simulations can be seen in Figure 3.15.
A sharp peak in loads around 8 m/s wind can clearly be seen. At 8 m/s wind speed,
the rotor speed is usually between 8-11 RPM, which corresponds to a 3P frequency of
0.4-0.55 Hz. Since the tower first natural frequency for the semi-submersible is 0.44
Hz, there is considerable resonance near this wind speed.
To fix this issue, a tower resonance avoidance controller was implemented in the
ServoDyn module of FAST. This controller is based on a similar controller for the
CART research turbine at the National Wind Technology Center. The controller
attempts to avoid a band of rotor speed around the resonance frequency by modifying
the rotor torque [27]. If the turbine is operating at a rotor speed outside a predefined
range above and below the resonance rotor speed, the controller behaves exactly
the same as the standard Region 2 “kω2” torque controller, in which the torque
is proportional to the rotor speed squared. However, if the rotor speed enters the
predefined range, the generator torque is modified to either accelerate or decelerate the
rotor past the critical speed. There is also a hysteresis band to avoid ringing. Figure
3.14 shows an example time series of rotor speed with and without the resonance
avoidance controller, in which the avoidance effect can be seen.
With the new controller, the resonance peak around 8 m/s wind speed is greatly
reduced, which can be seen in Figure 3.15. The resonance controller developed here
will be used in all semi-submersible simulations discussed in this dissertation, and
should probably be added as an option to the default FAST compilation in the future
as the load increase due to this resonance is quite high.
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Figure 3.14: Comparison of rotor speed with and without the resonance avoidance
controller.
3.3.2 Semi-Submersible Simulation Length Extreme Loads
Once the simulations in Table 3.2 were run using the resonance avoidance con-
troller, the results could be analyzed. Learning from the analysis of the spar buoy
simulation length simulations, the results are compared by concatenating the shorter
simulations to create 10 3-hour equivalent length simulations for each wind speed
and simulation length. The ten extreme load values (one from each seed) are then
averaged and compared to the result from the 10 minute simulation to create Figure
3.16.
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Figure 3.15: Tower fore-aft damage equivalent loads as a function of wind speed for
the OC4 semi-submersible for 10 minute simulation length.
It is clear from Figure 3.16 that there is more variation in the loads with respect to
simulation length for the semi-submersible than the spar buoy. The anchor tensions,
in particular, show a trend in the maximum values with increasing simulation length.
Anchor 1 is attached to the mooring line that is connected upwind of the platform,
such that when the platform surges from wind thrust, this line is put in tension.
Anchors 2 and 3 are aligned 120 degrees downwind from anchor 1, thus they have less
tension for larger surge. Figure 3.17 shows the maximum anchor tension for mooring
line 1 as a function of wind speed for various simulation lengths. Both the maximum
anchor tensions and the discrepancy between simulation lengths occur at the near
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Figure 3.16: Ratios of mean 3-hour maximum values compared to 3-hour maximums
constructed from 10-minute simulations
the rated wind speed (12 m/s). The maximum tension occurring at this wind speed
is expected as this is the wind speed with maximum thrust, which induces maximum
platform surge, which is the driver of anchor tension. Interestingly, the simulation
length trend is not apparent at other wind speeds. The large variations of the extreme
loads at higher wind speeds are caused by the higher turbulence intensities at these
wind speeds which cause large changes in rotor thrust forces. Some insight as to the
trend between this load and simulation length can be found by plotting a sample time
series of anchor tension for the 5 simulation lengths in Figure 3.18.
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Figure 3.17: Maximum values of anchor tension for anchor 1 as a function of wind
speed and simulation length.
In Figure 3.18, two periodicities can be observed. Firstly, there is a ten minute
period for every simulation length due to the fact that the wind files used in this study
have a 10 minute period (see Section 3.2). As surge is a wind-dominated load, the
fact that each simulation has different stochastic waves makes very little difference.
Secondly, since these are concatenated simulations, there is a period equal to the
length of each individual simulation, which is highlighted by the red vertical lines.
Due to the very slow natural period of the surge motion, there is a visible ramp up
to the full oscillation in the shorter simulations. To note, the first 100 seconds for
each simulation has been eliminated to try to reduce the effects of start-up transients.
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Figure 3.18: Sample time series for a single 12 m/s mean wind seed for anchor 1
tension for the 5 simulation lengths.
The trend in anchor tension due to simulation length seems to be due to both the
residual start-up transient for this slow mode of motion as well as a phenomenon in
which some of the shorter simulations have a higher chance of never achieving full
oscillation. This phenomenon can be seen in the 20 minute simulation in Figure 3.18,
which exhibits a much lower amplitude of oscillation than any of the other simulation
lengths. This issue is most likely caused by the phasing between the wind turbulence
and initial platform motion; if the initial motion is out of phase with a turbulent
event in the wind, there is less time to recover in the shorter simulations and the
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periodic nature of the wind files causes this to repeat for all of the simulations for a
given seed.
The take-away from this issue is that there may be a reason to use longer sim-
ulations if anchor/mooring line tension is a driving design factor. However, none of
these simulations accurately depict a real-life scenario, as the mean wind speed and
turbulence intensity do not stay constant over this long of a time period. To achieve
a more realistic simulation, a non-stationary wind and wave field should be used, but
this is outside the scope of this dissertation.
For the other two mooring lines that 120 degrees opposed from the wind direction,
the maximum loads have high variance between the different simulation lengths, but
no distinct trend. Figure 3.19 shows the maximum value for anchor 2 tension as a
function of wind speed and simulation length. Since these mooring lines go slack
with increasing thrust, there are the lowest loads around the rated wind speed. The
maximums are instead dominated by sudden losses of thrust, which can be caused by
lulls in the wind speed. Since the turbulence intensity increases with increasing wind
speed, and there is the possibility of cut-out events at high wind speeds, these anchor
tensions are highly dependent on single events and are thus quite noisy.
For loads other than the mooring line tensions, there is no trend in extreme loads
based on simulation length. Figure 3.20 shows the average maximum value of tower
fore-aft bending moment as a function of wind speed for the 5 simulation lengths
concatenated into 3 hours and averaged over the 10 wind seeds.
The maximum values of the simulations in which there were only first order hy-
drodynamics were also analyzed. Figure 3.21 shows the results for these simulations
normalized by the 10 minute maximum for the second-order effects simulations.
Figure 3.21 shows that blade loads are not affected by second-order hydrodynam-
ics, while tower loads tend to be about 3% lower when only first-order hydrodynamics
are considered. The mooring line loads exhibit similar trends to the second-order
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Figure 3.19: Maximum values of anchor tension for anchor 2 as a function of wind
speed and simulation length.
loads (see Figure 3.16). It can be concluded that there are minimal effects from the
inclusion of second-order hydrodynamic on the extreme values of the most important
design loads.
3.3.3 Semi-Submersible Simulation Length Fatigue Loads
In this section, the lifetime damage equivalent loads for the 5 simulation lengths
using the semi-submersible model are compared. Similar to the spar buoy lifetime
fatigue calculation discussed in Section 3.2.3, an estimate of lifetime fatigue is created
from each seed by using Equation 3.1, and the East Coast representative site is also
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Figure 3.20: Maximum values of tower fore-aft bending moments as a function of
wind speed and simulation length.
used for this platform. Figure 3.22 shows the lifetime fatigue value for the 20 minute,
30 minute, 1 hour, and 3 hour simulation length normalized by the 10 minute result.
Similar to the extreme load results in the previous section, blade and tower loads
show negligible impact from varying simulation lengths, while there is considerable
variation in the mooring line loads for different simulation lengths. The reason for
the difference in mooring line fatigue is similar to the reasons discussed in Section
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Figure 3.21: Maximum values of simulations with only first-order hydrodynamics
normalized by second order 10 minute maximum.
3.3.2, mainly that there is a higher percentage of simulation time spent ramping up
the surge oscillation in the shorter concatenated simulations.
Figure 3.23 shows the comparison of 2nd order hydrodynamics to first order. Here,
all simulation lengths are normalized by the ten minute second-order hydrodynamics
lifetime fatigue result. Interestingly, the comparison of ten minute first-order to ten
minute second order (the blue bar) shows that there is very little effect on fatigue
from second order hydrodynamics for all loads.
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3.4 Extreme Parked/Idling Rotor Design Loads
In this section, design loads from the IEC design load cases 6.x are investigated
for the spar buoy and semi-submersible. These DLCs deal with storm conditions in
which the wind speed is greater than the cut-out wind speed of the turbine. The IEC
standard calls for 6 one-hour simulations, but there have been a few investigations
into this design load case for offshore wind turbines, and there is concern that 6 seeds
is not enough.
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Figure 3.23: Lifetime fatigue estimates using first-order hydrodynamics normalized
by 10 minute lifetime using second-order hydrodynamics.
3.4.1 Spar Buoy and Semi Submersible Simulations
The spar buoy and semi-submersible simulations used 35 m/s wind speeds, signif-
icant wave heights of 15 m, and a wave peak spectral period of 14 s. For comparison,
a monopile was also simulated by a group at Northeastern University which used
54 m/s wind and 10 m significant wave heights. Future work for this collaborative
project will simulate the monopile with the same inputs as the floating platforms.
These simulations were run in an idling condition, with the rotor allowed to spin, but
the blade were fully feathered to prevent substantial aerodynamic loading. Each sup-
port structure was simulated for 1000 one-hour simulations for each of the following
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conditions: wind and second order waves, wind and first order waves, no wind with
second order waves, no wind with first order waves, and wind but no waves. The
results use the maximum resultant tower bending moment, calculated using a root
sum square value of the fore-aft and side-side bending moments.
3.4.2 Simulation Results
Figures 3.24-3.29 are created by using a Monte Carlo selection process to create
groups of different sizes from the total population. One thousand random groups
without replacement are drawn from the population of 1000 simulations for each
group size; from 6 to 1000. The mean error of the expected value of these 1000
groups and the mean of the whole population maximum is plotted in blue. The
green lines are signify one standard deviation while the red lines enclose 2 standard
deviations. For example, from Figure 3.24 it can be seen that there is 95% confidence
that the mean of the maximums from a group of 6 simulations will be within ±9% of
the true mean of maximums.
Figures 3.25 and 3.27 show the convergence of extreme loads with linear irregular
waves instead of the second-order waves in Figures 3.24 and 3.26. There is very little
difference in extreme load convergence from these simulation between first and second
order waves for both the spar and semi-submersible. However, there is a difference
in the mean extreme load for the semi-submersible. Figures 3.28 and 3.29 show the
95th percentile convergence envelope for first and second order waves overlayed on the
same plots, but the mean error is compared to the second-order wave mean. While
the spar buoy both converges at the same rate and to the same mean for both wave
types, the semi-submersible shows that the second-order waves produce a 2% higher
extreme load.
Figure 3.30 shows the convergence for the monopile, and Figure 3.31 compares
the 95th percentile error for all three platforms. Interestingly, the monopile has the
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Figure 3.24: Maximum resultant tower bending moment convergence of maximum
loads for the semi-submersible.
most variance in extreme loads, with a 95th% confidence for 6 seeds at 11% mean
error. The reason for the increased variation in monopile loads can be explained as
follows. Because of the increased compliance of the floating structures, the response
of the platform tends to be fairly periodic and driven by the expected value of the
wave period. Random variation between seeds has less effect in this case. Whereas
for the monopile, the response is more random and driven by the variation between
seeds. Thus, while the mean loads of the monopile are lower, the variability of the
response is larger.Note that the mean maximum value for each support structure is
different; 1.67x105kNm for the monopile, 1.78x105kNm for the semi-submersible,
and 2.79x105kNm for the spar buoy. Figure 3.32 compares the mean value of the
maximums from all 1000 simulations for the different simulation inputs. From this
figure, it is clear that this design load case is wave dominated. Not only is the “no
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Figure 3.25: Maximum resultant tower bending moment convergence of maximum
loads for the semi-submersible with only first order waves
wave” case maximum very small for both platforms, there is almost no difference
between the simulations with and without wind.
3.5 Simulation Length Conclusions
Simulation length is an important consideration for design standards. With oil and
gas floating platforms, slow natural periods of motion and second order hydrodynamic
effects create the need for long simulations. For the spar buoy floating platform, there
appears to be no reason for simulations longer than 10 minutes. However, the semi-
submersible displays some issues with predicting both fatigue and extreme mooring
line loads when using shorter simulation. If mooring line loads are a design driver,
consideration should be given to using longer simulations. However, the longer the
simulation, the less realistic the simulated wind is, since wind speed statistics are
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Figure 3.26: Maximum resultant tower bending moment convergence of maximum
loads for the spar buoy
not stationary for longer time lengths. Future work should investigate the effect of
non-stationary wind.
For extreme loads, the averaging technique is very important. To compare ex-
treme loads from different length simulations, one should either compare the extreme
load from the same total simulation length, or divide the longer simulations into the
length of the shortest simulation and compare the maxima. With fatigue load calcula-
tions, the relatively greater number of unclosed cycles in shorter simulations plays an
important role. It is possible to create an equivalent unclosed cycle weighting factor
to solve this problem, but this method is complex. A simpler method to calculate
fatigue involves performing the fatigue counting algorithm on all of the simulations
concatenated into one dataset instead of separately. This technique will be more im-
portant if low partial cycle weighting factors are used, as these low weighting factors
caused the most difference between fatigue values from different length simulations.
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Figure 3.27: Maximum resultant tower bending moment convergence of maximum
loads for the spar buoy with only first order waves
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Figure 3.28: Comparison of maximum resultant tower bending moment convergence
of maximum loads for first and second order waves for the semi-submersible
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Figure 3.29: Comparison of maximum resultant tower bending moment convergence
of maximum loads for first and second order waves for the spar buoy
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Figure 3.30: Maximum resultant tower bending moment convergence of maximum
loads for the monopile.
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CHAPTER 4
WIND/WAVE MISALIGNMENT
Another important consideration in the design loads analysis of floating wind
turbines is the effect of wind and wave directional misalignment. This section is
partially the result of a collaboration with a Masters student, Lucie Barj, whose
thesis details the work presented here [4]. Section 4.1 introduces the simulations run
for this study for both platforms, Sections 4.1.1 and 4.2 discuss extreme and fatigue
load results for the spar buoy, respectively, and Sections 4.3.1 and 4.3.2 present the
results for the semi-submersible.
4.1 Simulation Descriptions
The simulations run for both platforms in this chapter try to replicate the sim-
ulations that a designer would have to run according to the operational design load
cases from the IEC standards. The method described in the IEC standard is to di-
vide the operational metcean conditions into bins, and run six 10-minute simulations
for each of these bins. The recommended size of the bins is defined in the design
standard, but the range of the conditions is not defined, as this is site specific. As
operational wind speeds for the turbine used in this study are between 3 and 25 m/s,
the range for wave height and wave peak spectral period are determined by taking
the maximum and minimum values of these parameters that occurred during times
when the wind speed fell in this range. Once the maximum and minimum values
are determined, the binning scheme seen in Table 4.1 is determined. The size of the
bins is identical to those recommended in the IEC offshore standard (Section 1.4),
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except the misalignment bin size is reduced to 15◦ from 30◦. This change allows for
quantification of the effects of misalignment bins, which is one of the main goals of
this study. Based on Table 2.2, there are 11 wind speed bins, 26 wave height bins, 54
peak spectral period bins, and 24 wind/wave misalignment bins. The midpoints of the
bins are used, for example, a simulation of the 3− 5m/s wind speed bin uses a mean
wind speed of 4m/s. To simulate every permutation of these bins requires 370,656
simulations, which are run on NREL’s Windows HPC (high performance computer).
This machine has approximately 200 cores, and the simulations took a few weeks to
run.
Parameter Bin Width Range Number of Bins
Wind Speed 2m/s 3− 25m/s 11
Significant Wave Height 0.5m 0− 13m 26
Peak Spectral Period 0.5s 0− 27s 54
Wind/wave Misalignment 15◦ −180◦ − 180◦ 24
Table 4.1: Bin ranges and widths for the 4 metocean parameters
After the initial batch of 370,656 simulations was run, it was determined that this
large number of simulations was excessive (see discussion in Section 4.1.1), so larger
bins were used to create the 6 random seeds recommended in the design standard. The
binning scheme used for the extra seeds is described in Table 4.2. The total number of
simulations using these bins was 30,888, which allowed for a more reasonable amount
of computing time when run 6 times.
Parameter Bin Width Range Number of Bins
Wind Speed 2m/s 3− 25m/s 11
Significant Wave Height 1m 0− 13m 13
Peak Spectral Period 1.5s 0− 27s 18
Wind/wave Misalignment 30◦ −180◦ − 180◦ 12
Table 4.2: Bin ranges and widths for the 4 metocean parameters, reduced size.
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4.1.1 Spar Buoy Fatigue Load Analysis
Due to the very large number of simulations, MLife is unwieldy to use for calcu-
lating fatigue damage; using too much memory and taking too long. For this reason,
a separate code was written to find both the short-term fatigue of each simulation,
and the lifetime fatigue. Equation 4.1 is used to determine the short-term fatigue
damage equivalent loads, which is amplitude of a load at 1 Hz that would cause the
same damage as the stochastic load in each simulation.
DELSTFj =
(∑
i
(
nji
(
LRFji
)m)
nSTeqj
)1/m
(4.1)
In Equation 4.1, DELSTFj is the short-term fatigue for the jth simulation, nij is the
ith cycle count for simulation j, LRFji is the load range of cycle i and simulation j
about a fixed mean, m is the Wo¨hler exponent, and nSTeqj is the total number of
cycles for simulation j. Note that nij is equal to one for full cycles, and UCMult for
partial cycles. A peak-finding algorithm is used to calculate nij and L
RF
ji for 5 load
time-series; tower fore-aft and side-side base bending moments, blade flapwise and
edgewise root bending moments, and mooring line tension for each simulation.
Once all of the short-term damage-equivalent loads are found, Equation 4.2 can
be used to find the lifetime damage-equivalent loads.
DELLifeF =
∑j
(
fLifej
(
DELSTFj
)m)∑
j f
Life
j
1/m (4.2)
In Equation 4.2, DELLifeF is the lifetime damage-equivalent load and fLifej is the
probability of simulation j. This simple equation, when combined with the metocean
condition probabilities discussed in Section 2, allows for a quick calculation of lifetime
damage when implemented in vector form in Matlab. The lifetime DEL results for
the east coast site can be seen in Table 4.3.
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Edgewise Blade Flapwise Blade Side-Side Tower Fore-Aft Tower Anchor
(kNm) (kNm) (kNm) (kNm) (kN)
m = 3/8 6721 5624 11986 25737 29
m = 4/10 7092 6510 16324 32675 48
m = 5/12 7378 7236 20725 39303 66
Table 4.3: Lifetime damage-equivalent loads
The following plots, Figures 4.1-4.10, show graphical representations of the short-
term damage-equivalent load design space.
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Figure 4.1: Fore-aft tower DEL as a function wind speed, significant wave height, and
peak spectral period for m = 4 and aligned wind and waves.
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Figure 4.2: Fore-aft tower DEL as a function wind speed, significant wave height, and
peak spectral period for m = 4 and 90◦ wind/wave misalignment.
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Figure 4.3: Tower base bending moment DEL in the side-side direction as a function
wind speed, significant wave height, and peak spectral period for m = 4 and aligned
wind and waves.
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Figure 4.4: Tower base bending moment DEL in the side-side direction as a function
wind speed, significant wave height, and peak spectral period for m = 4 and 90◦
wind/wave misalignment.
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Figure 4.5: Blade flapwise DEL as a function wind speed, significant wave height,
and peak spectral period for m = 10 and aligned wind and waves.
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Figure 4.6: Blade flapwise DEL as a function wind speed, significant wave height,
and peak spectral period for m = 10 and 90◦ wind/wave misalignment.
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Figure 4.7: Blade edgewise DEL as a function wind speed, significant wave height,
and peak spectral period for m = 10 and aligned wind and waves.
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Figure 4.8: Blade edgewise DEL as a function wind speed, significant wave height,
and peak spectral period for m = 10 and 90◦ wind/wave misalignment.
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Figure 4.9: Anchor tension DEL as a function wind speed, significant wave height,
and peak spectral period for m = 4 and aligned wind and waves.
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Figure 4.10: Anchor tension DEL as a function wind speed, significant wave height,
and peak spectral period for m = 4 and 90◦ wind/wave misalignment.
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In Figures 4.1-4.10, the color scale is the same for each pair of plots depicting the
same load. It is not possible to depict all 4 input metocean parameters on one plot,
so only 90◦ misalignment and aligned wind and waves are shown. In Figure 4.1, the
DEL is relatively insensitive to wind speed; with most of the higher loads coming
from high waves and a narrow band of peak spectral periods. These peak spectral
period correspond to a frequency near the first tower natural frequency. When the
waves are coming fro 90◦, Figure 4.2, the tower load is driven by wind alone, as there
is no wave loading in the fore-aft direction. The plots for side-side tower bending,
Figures 4.3 and 4.4, show the opposite trend, but a lower load for most of the design
space. The peak short-term fatigue loads for fore-aft and side-side are very similar,
showing the importance of wave loading on tower loads for this platform.
Flapwise bending moments, Figures 4.5 and 4.6, show insensitivity to both wave
height and period as well as wave direction. This is an unsurprising result, as these
loads are dominated by wind, peaking around rated wind speed where rotor thrust is
the highest, and again near cut-out, where there are large load fluctuations. Edgewise
blade loads, Figures 4.7 and 4.8, show even less sensitivity to waves, and exhibit an
almost monotonic trend with increasing wind speed. This is due to cyclic forces like
gravity being the most important drivers of edgewise loads, which are amplified at
the higher rotor speeds that occur at higher wind speeds.
Anchor loads show interesting results, as they depend on both wind and wave
loading. The spar has three mooring lines, and the mooring line loads being shown in
Figures 4.9 and 4.10 are from the line in the wind direction. This is why the aligned
waves show higher loads. The mooring line loads peak at 8 m/s wind, as well as 14
m/s for both the aligned and misaligned wave cases. The loads are also higher for
higher wave heights and higher peak spectral periods.
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4.1.2 Spar Buoy Fatigue Load Convergence
An important concern is the convergence of fatigue loads with increasing numbers
of seeds. For this analysis, the reduced number of bins described in Table 4.2 is used.
Figure 4.11 shows the DEL for tower fore-aft bending moment for the 6 seeds. There
is some variance between the seeds, but the general trends are the same.
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Figure 4.11: Comparison of six seeds, tower fore-aft bending DEL, aligned
wind/waves.
To explore the convergence of the lifetime DEL, a sampling technique is used
in which random groups of varying size are selected from the total population of 6
seeds. The mean lifetime DEL of these random groups is calculated, and a new group
is selected. With a population of only 6 seeds, the solution for each group size (1-6)
is trivial, and can be calculated directly, but for larger populations, Monte Carlo
techniques are employed. Chapter 3.4 used this technique for large datasets. Figure
4.12 shows the convergence of the lifetime DEL for the tower fore-aft load using this
technique.
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Figure 4.12: Convergence of six seeds, tower fore-aft bending lifetime DEL. Red Lines
show 95th percentile.
In Figure 4.12, the blue dots are the percent error from the mean of all six seeds for
a given group size. When there is only one simulation in a group, the six dots represent
the six individual seeds compared to the average of the six. There are 15 possible
combinations of 2 simulations (5+4+3+2+1), 20 combinations of 3 simulations, 15
combinations of 4 simulations, 6 combinations of 5 seeds, and one combination of 6
seeds. The red lines in this figure show the 95th percentile confidence interval. This
line means that a designer can be 95% confident that any given seed is within 8% of
the mean value of 6 seeds.
4.1.3 Comparison of Representative Site to Individual Sites
The probability distributions that have been used so far to calculate lifetime fa-
tigue have been from the generic East coast site discussed in Chapter 2. The rep-
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Figure 4.13: Comparison of spar buoy lifetime DEL from individual East Coast sites
to the representative East Coast site.
resentative sites are created by averaging the probability distribution parameters of
individual sites to create new parameters. It is possible that this process creates
unrealistic sites, so the lifetime loads using the individual sites that make up the
representative site is compared to the lifetime loads of the representative site. This
comparison is depicted in Figure 4.13. In this figure, the loads are normalized by the
representative site. There is little difference between sites for blade loads and moor-
ing line loads, but for tower loads, there is up to a 20% difference. This is because
the tower loads are dependent on the wave loads at a given site. The side-side tower
load is especially dependent on the amount of wind/wave misalignment at a site, so
according to the comparison, both the southeast Nantucket site and the Bermuda
site have more misalignment than the other sites. Figure 4.14 shows the wind/wave
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misalignment histogram and Von Mises distribution fit for the SE Nantucket site and
the Onslow Bay site for the rated wind speed bin. The histogram is much more spread
out for the Nantucket site, which shows there indeed is more wind/wave misalignment
for this site.
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Figure 4.14: Comparison of wind/wave misalignment PDFs for SE Nantucket and
Onslow Bay.
Despite the differences in some of the sites for some of the loads, it can be con-
cluded from Figure 4.13 that the method used to create the representative site is
useful. Even though the lifetime calculation is non-linear, the representative site,
which is made from simply averaging the parameters of the probability distributions,
still approximates the mean of the loads from all the sites. In other words, while
any given site may have higher or lower loads than the representative site, the rep-
resentative site accomplishes the goal of predicting realistic loads for an East Coast
site.
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4.2 Spar Buoy Extreme Load Analysis
Determining extreme loads using the misalignment simulations is actually more
difficult than estimating fatigue loads. This difficulty is due to the binning method
used for these operational design load cases. Many of the metocean condition com-
binations that are simulated have a very low probability of occurrence; many of the
combinations never occurred at any of the buoy sites over many years. This is due to
the fact that every combination of the 4 metocean parameters is simulated, not just
the likely ones. Therefore, simply taking the maximum load over all the simulations
run is not logical. Instead, the accepted method is to use a certain return period of
time, often 50 years. This section uses this method to calculate extreme loads, as
well as investigate the convergence of those extreme loads with number of seeds.
4.2.1 Return Periods
To create the return periods, first the array of cumulative probabilities for each
metocean condition is sorted from highest probability to lowest. Next, a running sum
of the sorted probabilities is created. For this research a return period of 50 years is
used. To calculate the probability threshold, the simulation length of the simulation
(10 minutes) is divided by the return period. All metocean conditions with probability
above the point at which the cumulative sum vector becomes greater than the sum of
all of the probability minus the return period threshold fall within the 50 year return
period. Only approximately 20% of the metocean conditions fall within the 50 year
return period. Table 4.4 shows the extreme loads before and after filtering by the
return period for a single seed.
The 50 year return period loads are, as expected, less than the extremes from
all simulations, with the side-side tower extreme 50 year loads being only 48% of
the absolute extreme. This large discrepancy is due to the low probability of large
wind/wave misalignments, which drive the side-side tower load.
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All conditions 50-year 50/ALL
Loads Units Max loads Max loads %
Edgewise Blade kN*m 9,055 7,826 86%
Flapwise Blade kN*m 19,286 15,607 81%
SS Tower Bending kN*m 230,513 111,611 48%
FA Tower Moment kN*m 287,970 176,893 61%
Anchor 1 Tension kN 921 748 81%
Anchor 2 Tension kN 1,844 1,225 66%
Anchor 3 Tension kN 1,769 1,199 68%
Table 4.4: Subset of results from extreme loads study for a single seed of the spar
buoy simulations.
The convergence of the extreme load estimate with additional seeds is also impor-
tant. Figure 4.15 shows the convergence of the extreme loads with various groups of
the six total seeds. Compared to Figure 4.12, the extreme loads are being compared
to the maximum seed value instead of the mean. All of the percent errors are negative
because the maximum of any group can at most be equal to the maximum of all 6
seeds.
4.3 Semi-submersible Wind/Wave Misalignment
This section will discuss the results from the semi-submersible misalignment study,
focusing on comparisons between the semi-submersible and the spar buoy. As men-
tioned in the introduction of this chapter, the semi-submersible simulations used the
coarser binning scheme described in Table 4.2. Six random wind and wave seeds were
run for each bin, totaling 185,328 simulations.
4.3.1 Semi-submersible Fatigue Loads
Figure 4.16 shows a comparison between the semi-submersible (top plot) and the
spar buoy (middle plot) tower fore-aft DELs for aligned wind and waves. The color
axes are identical for easy comparison. The bottom plot in Figure 4.16 is a plot
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Figure 4.15: Convergence of extreme loads for the spar buoy
of the difference of the two DEL surfaces (spar buoy minus semi-submersible). The
spar buoy loads are higher across most simulations. The shape of the surfaces is
also different. The spar buoy shows wider band excitation in the wave peak spectral
period direction, while the semi-submersible has a relatively narrow band of high
loads at low peak spectral periods. This difference can also be confirmed in a figure
by Robertson et al., reprinted here as Figure 4.17[54].
Figure 4.17 plots response amplitude operators (RAOs) for three floating plat-
forms, including the OC3 spar buoy and the OC4 semi-submersible. These RAOs
show the response of 4 different platform outputs to varying wave frequencies. The
bottom right plot in this figure shows the tower fore-aft bending moment response.
The beige box highlights the normal wave frequency range, with the lower bound at
0.05 Hz, or 20 s period, and the upper bound at 0.2 Hz, or 5 seconds. The spar buoy
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response (red) is relatively flat through this range, while the semi-submersible has
a much larger response at high frequency (low period) than at low frequency (high
period). This can be seen in Figure 4.16 as well by looking at a slice of the surface
at a wave height equal to around 7 m.
Figure 4.18 shows the convergence of the lifetime fatigue load with respect to
number of random seeds. When compared to Figure 4.12, the same plot for the spar
buoy, the figures look very similar. This is a positive result, as it implies that at least
two floating platforms converge at the same rate for fatigue, which would allow for a
more general recommendation in a floating platform design standard.
The semi-submersible lifetime fatigue damage can also be calculated for the indi-
vidual East Coast sites. Figure 4.19 shows the fatigue life from the individual sites
normalized by the representative East Coast site lifetime DEL. The trends are sim-
ilar to 4.13, but the differences between sites are smaller for the tower loads. The
mooring line loads also show much more variation between sites than the spar buoy.
This is due to the relatively larger surge motions that the semi-submersible sees; any
increase in mean wind speed causes more operation at rated, which leads to larger
surge motion due to thrust and higher mooring loads.
4.3.2 Semi-submersible Extreme Loads
The semi-submersible extreme loads are compared to the spar buoy extreme loads
in Figure 4.20. For this figure, no return period thresholds are used. The trends in
the extreme loads are similar to the fatigue loads, however, the variation over the
whole surface is smaller in general.
The method of 50 year return periods detailed in Section 4.2.1 is repeated for
the semi-submersible. Using these results, the convergence of the extreme loads can
be plotted, which can be seen in Figure 4.21. Despite the convergence of fatigue
loads being nearly identical for the spar buoy and semi-submersible, the extreme load
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convergence is quite different with the semi-submersible extreme loads converging
slower than the spar buoy. For the semi-submersible, there was one seed that had
extreme loads that were 10% greater than any of the other seeds, so five out of the
6 seeds are clustered between 10-16% lower than that maximum. This shows an
important point about extreme loads that is discussed in more depth in the next
chapter; extreme loads are highly dependent on specific combinations of wind gusts
and waves occurring at the same time, so they need many simulations to converge.
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Figure 4.16: Comparison of tower fore-aft DEL for aligned wind/waves for the spar
and semi
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Figure 4.17: RAOs derived from white-noise wave excitation with 7.1-m significant
wave height both with and without wind present at 21.8 m/s; colored box indicates
wave frequency range [54]
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Figure 4.18: Convergence of six seeds, tower fore-aft bending lifetime DEL for the
semi-submersible. Red Lines show 95th percentile.
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Figure 4.19: Comparison of semi-submersible lifetime DEL from individual East Coast
sites to the representative East Coast site.
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Figure 4.20: Comparison of extreme loads for aligned wind/waves, FA tower bending
moment for the spar buoy and semi-submersible.
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Figure 4.21: Convergence of extreme loads for the semi-submersible.
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CHAPTER 5
SIMULATION SIZE REDUCTION
Running a design loads analysis for two floating platforms is a complicated process,
but up to this point, this dissertation has followed the IEC offshore standards. This
chapter considers at various methods to try to reduce the amount of simulations a
designer needs to run to estimate both fatigue and extreme loads for operational cases.
Requiring 370,656 simulations per seed for each design load case is not reasonable, as
it would take many months to simulate a single design, even with high performance
computing. Four methods are discussed: bin reduction methods, probability based
sampling, response surface methods, and genetic programming.
5.1 Bin Reduction Method
The first, and simplest technique is to increase the size of the bins for a certain
metocean parameter. This requires recalculating the probability distributions, and
then using a reduced subset of the total set of simulations. Figures 5.1 and 5.3 show
the results from this procedure applied to the wind/wave misalignment bins for the
spar buoy and semi-submersible platforms.
In Figures 5.1 and 5.3, the bins are constructed according to Figure 5.2. For
example, in the 4 bin case, only simulations that use 180◦, −90◦, 0◦, and 90◦ are
considered, and these simulations have the probability from the full 90◦ for their bin.
The histograms used in Figure 5.2 are for explanatory purposes only, and are not
the actual histograms used, but the binning scheme is correct. For the two bin case,
the probability of −90◦ and 90◦ is added and used for the 90◦ simulation, and the
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Figure 5.1: Spar buoy lifetime fatigue as a function of misalignment bin size.
Figure 5.2: Example histograms for different misalignment binning schemes.
probability of 180◦ and 0◦ is added and used for the 0◦ simulation. The 1 bin case
uses only the 0◦ simulation, and is the same as running only aligned waves.
The results for the spar buoy (Figure 5.1) show that the misalignment binning
scheme has little impact on lifetime fatigue predictions until only one bin is considered.
In other words, to accurately predict lifetime fatigue for a spar buoy, at least 2 bins
must be considered. When considering only one bin, not only are side-side tower
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loads under-predicted by about 40%, but fore-aft tower loads are over-predicted by
about 5%. Since the current offshore standard requires only aligned wind and waves,
this would result in an over-designed tower.
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Figure 5.3: Semi-submersible lifetime fatigue as a function of misalignment bin size.
The semi-submersible results in Figure 5.3 suggest that this platform requires more
misalignment bins than the spar buoy. There is a non-negligible effect on the side-side
tower DELs for all bin configurations, although the 1 bin case is not as inaccurate as
with the spar buoy. The fore-aft tower load is also affected more than the spar buoy
for all of the misalignment binning schemes. Additionally, mooring line loads are
influenced by the misalignment bins. An important note when comparing mooring
line loads is that the line configuration is rotated 180◦ between the two platforms.
Mooring line 1 is extending downwind for the semi-submersible, while it is pointing
into the wind for the spar buoy. This is important because mooring line 1 becomes
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more slack with increasing thrust for the semi-submersible, and tighter for the spar
buoy.
More extreme bin reduction can be accomplished by increasing the bin size of all
bins. Figures 5.4 and 5.5 show examples of these reductions. The fatigue estimate is
accurate for both platforms when the total number of simulations is above 5000, but
for the lower number of simulations, the tower DEL estimates become inaccurate for
both the spar buoy and semi-submersible. Since the probability is such a driving part
of the lifetime fatigue calculation, the bin reduction method described in this section,
which uses uniform bin width across the sample size regardless of bin probability, is
not the best choice if the goal is to get the number of simulations as small as possible.
The next section discusses a more advanced method that uses the probability of a
given bin to weight the selection.
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Figure 5.4: Spar buoy lifetime fatigue for various bin configurations.
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Figure 5.5: Semi-submersible lifetime fatigue for various bin configurations.
5.2 Probability Sorting Method
This method is based on the fact that the most likely bins dominate the lifetime
fatigue calculation, with only approximately 10% of bins actually contributing to the
lifetime DEL. To employ this method, the array of probabilities for each simulation is
sorted in descending order, and a lifetime fatigue calculation is performed on groups
of simulations created using this sorted list. In the following figures (Figures 5.6-5.11),
the results for various loads and both platforms are presented. In these figures, the
x-axis refers to the number of simulations used to create the fatigue calculation. For
example, when only one simulation is used, it is the most likely bin, and is assigned
100% of the total probability density in the fatigue calculation. For the group with two
simulations, the top two most likely simulations are used, and the probability for each
simulation is equal to its share of the total probability weighted by the probability of
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each simulation. The dots in these figures are results from two of the binning schemes
(480 simulations and 1320 simulations) from the bin reduction method in Section 5.1
for comparison.
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Figure 5.6: Semi-submersible lifetime blade fatigue showing convergence of probabil-
ity sorting method and various bin configurations from the bin reduction section.
In general, the probability sorting method is more accurate than the bin reduction
method for a given number of simulations. Notably, the bin reduction method is more
accurate than the probability sorting method for most of the blade loads. This is due
to the high material exponent used for blade DEL calculation. Since the short-term
DEL is raised to the power of the material exponent in the lifetime fatigue calculation,
components with a high material exponent have a higher relative impact from high
loads compared to high probability bins. Since the grid based method samples evenly
across the whole design space, the unlikely events that have a high load are included.
While this is an interesting observation, the prediction of blade loads with either
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Figure 5.7: Semi-submersible lifetime tower fatigue showing convergence of probabil-
ity sorting method and various bin configurations from the bin reduction section.
method is so good compared to other loads that blade load predictions are unlikely
to be the cause of extra necessary simulations.
5.3 Response Surface Methods
Despite the large reductions in numbers of simulations that come from changing
the sizes of the bins used and applying different return periods, other techniques
may be able to even further reduce the computational time required to calculate an
accurate prediction for fatigue. One of these techniques is the response surface method
(RSM). This method is commonly used in civil engineering, as well as many other
fields. In its simplest form, the RSM uses a linear combination of a number of input
parameters to create a mathematical model of a system output. Linear least squares
is used to calculate the optimal parameter values for the model using a small subset
of the design space, and the model is used to predict the response of the system for
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Figure 5.8: Semi-submersible lifetime anchor fatigue showing convergence of proba-
bility sorting method and various bin configurations from the bin reduction section.
all the other inputs. The basis function of the model can be increased in complexity
for higher accuracy, allowing for quadratic, cross-parameter terms, and higher-order
terms.
To apply this method to the fatigue response of the spar, the four metocean
parameters are used as inputs, and the short-term DELs are the outputs. The linear
RSM can then be expressed as Equation 5.1.
DEL(U¯ ,Hs, Tp, β) = λ0 + λ1U¯ + λ2Hs + λ3Tp + λ4β +  (5.1)
In Equation 5.1, DEL(U¯ ,Hs, Tp, β) is the short-term damage equivalent load as a
function of U¯ , the mean wind speed, Hs, the significant wave height, Tp, the peak
spectral period, and β, the wind/wave misalignment angle. λ0 is the constant param-
eter, and λ1−λ4 are the linear parameters for the 4 variables. The error is represented
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Figure 5.9: Spar buoy lifetime blade fatigue showing convergence of probability sort-
ing method and various bin configurations from the bin reduction section.
by . To find the optimal λ values, linear least squares is used. Equation 5.1 can be
expressed in matrix form in Equation 5.3:

DEL1
DEL2
...
DELn

=

1 U¯1 Hs1 Tp1 β1
1 U¯2 Hs2 Tp2 β2
...
...
...
...
...
1 U¯n Hsn Tpn βn


λ0
λ1
λ2
λ3
λ4

+

1
2
...
n

(5.2)
DEL = Xλ +  (5.3)
where n is the number of simulations used for the training of the response surface.
This equation can be solved by linear least squares by assuming that the error has
zero mean, and using Equation 5.4.
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Figure 5.10: Spar buoy lifetime tower fatigue showing convergence of probability
sorting method and various bin configurations from the bin reduction section.
λˆ = (X′X)−1X′DEL (5.4)
Using this method, a linear approximation of the spar buoy response can be con-
structed. As a first attempt, all simulation are used to train the surface, as this
should result in the most accurate RSM. Figure 5.12 shows an example of a first-
order RSM for fore-aft tower bending.
The first-order RSM produces a fairly poor prediction of fatigue; indeed, when
the results from the RSM are used to predict lifetime fatigue with the probability
distribution, the estimate is 16% lower than the true value. Due to these inaccura-
cies, higher-order methods are investigated. Equation 5.5 shows the equation for the
second-order approximation.
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Figure 5.11: Semi-submersible lifetime anchor fatigue showing convergence of proba-
bility sorting method and various bin configurations from the bin reduction section.
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Figure 5.12: DELs for simulations (left) and equivalent 1st order RSM (right)
DEL =λ0 + λ1U¯ + λ2Hs + λ3Tp + λ4β + λ5U¯
2 + λ6H
2
s + λ7T
2
p + λ8β
2 + ...
λ9U¯Hs + λ10U¯Tp + λ11U¯β + λ12HsTp + λ13Hsλ+ λ14Tpλ+  (5.5)
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This formulation introduces much more complexity due to 4 quadratic and 6 cross
terms. Note that linear least squares can still be used because DEL is still linear
with respect to the λ parameters, even though it is not linear with respect to the
inputs. Figure 5.13 shows the fit for this second-order response surface.
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Figure 5.13: DELs for simulations (left) and equivalent 2nd order RSM (right)
The second-order surface improves the accuracy of the lifetime fatigue prediction
to 9%, but once again, this is using all simulation to train the surface, and ideally,
these method allow for a reduced number of simulations to train the surface. The
third-order prediction (Figure 5.14) once again improves the accuracy to 3%, but uses
35 parameters.
The above analysis uses all of the outputs to create the response surface, and
the resulting surface is less accurate than simply using the inputs to the method to
calculate fatigue. While better approximations may be constructed by using higher-
order polynomials, or alternatively, use other functions including sine/cosine terms,
or exponential/log terms, the two simpler methods of bin reduction and probability
sorting are much more accurate, so this technique was not investigated further.
103
0
10
20
30
0
5
10
15
0
10
20
30
 
U (m/s)
Tower FA DEL for Aligned Wind/Waves
H
s
 (m) 
T p
 
(s)
DELs (kNm)
2
4
6
8
10
12
x 10
4
0
10
20
30
0
5
10
15
0
10
20
30
 
U (m/s)
Tower FA DEL for Aligned Wind/Waves,RSM
H
s
 (m) 
T p
 
(s)
DELs (kNm)
2
4
6
8
10
12
x 10
4
Figure 5.14: DELs for simulations (left) and equivalent 3rd order RSM (right)
5.4 Genetic Programming
In this section, a technique of reducing the number of simulations using genetic
programming to create a functional fit of the response of the wind turbine is dis-
cussed. The genetic program used is developed by William LaCava, a PhD candidate
at the University of Massachusetts.This program is a system identification tool called
ellenGP [39]. ellenGP is a genetic programming (GP) system that incorporates epi-
genetic learning and inheritance in its representation of programs [39]. GP [37] is
an optimization scheme that generates predictive models by evolving a population of
computer programs that represent the model equations. By representing the equa-
tions as programs, the GP method is able to search both a model’s parameter values
as well as its topology (structure), motivating its use for predicting the wind turbine
load conditions that arise from complex environmental interactions.
GP follows this basic scheme to conduct symbolic regression:
1. Initialize a population of programs randomly.
2. Assess how well each program’s equation fits the target data. Assign each
program a fitness value that represents this assessment.
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3. Create offspring from the programs based on their fitness values.
4. Repeat 2 and 3 until the population converges or a maximum number of gen-
erations is reached.
For the simulation reduction problem, the input to the genetic program is some
number of metocean input conditions along with the corresponding short-term damage-
equivalent load determined from a FAST simulation. The GP generates populations
of candidate functions to fit this data, and assigns fitness values for each equation
equal to the mean absolute error for all of the specified inputs. Once the fitness of each
individual equation is calculated for the initial population, offspring are created from
parent programs through recombination operators known as crossover and mutation.
The crossover operator creates two offspring from two parents by picking a random
point in each parent program at which to split the parent programs, and combining
the start of one program with the end of the other, and vice versa. The mutation op-
erator chooses instructions in the parent program to be altered or changed into a new
instruction. The creation and survival of offspring is conducted using Age-Fitness
Pareto Survival (AFPS) [58]. The settings for the GP system are shown in Table 5.1.
Unlike traditional GP, ellenGP uses a stack-based, post-fix notation for equation
encoding, and applies binary values to each instruction to regulate expression. For
example, the programs i and i′ have the following representations and equations in
ellenGP:
i =
 1 1 1 0
x1 x2 + −
 ⇒ (x1 + x2)
i′ =
 1 1 0 1
x1 x2 + −
 ⇒ (x1 − x2)
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Setting Value
Instruction Set {U , TP , HS , β, +, −, ∗, /, sin,
cos, exp, log }
Pop. size 1000
Rate of crossover, mutation, and reproduction 70%, 20%, 10%
Program length limits [10, 150]
Pareto archive size 50
Termination criterion 10,000 generations
Table 5.1: Run-time settings for ellenGP.
Although i and i′ have the same underlying program (genotype)
[
x1 x2 + −
]
,
the epigenetic layer is used to control which instructions in the program execute in
order to create added flexibility in equation representation.
There is an inherent trade-off between a model’s size and its accuracy; although
larger models have more potential to minimize error, they are also prone to overfitting.
To address this, during the search process an archive of models on the Pareto front of
complexity and accuracy is maintained. It is from this archive that solution equations
are picked.
To use the genetic program to predict lifetime fatigue loads, a functional fit is
created from some small number of bins, and is used to interpolate the lifetime fa-
tigue. Referring back to Equation 5.6, it can be seen that this equation is essentially
using the midpoint method for solving a discretized integral of short term damage-
equivalent load weighted by probability. By changing the bin sizes, we are changing
discretization of the weighted integral. With the genetic program, the functional fit
to the 4 dimensional surface can be used to provide an accurate estimate of the bins
in between the input simulations, increasing the accuracy of the lifetime estimate.
DELLifeF =
∑j
(
fLifej
(
DELSTFj
)m)∑
j f
Life
j
1/m (5.6)
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Total Number Wind Speed Wave Height Peak Spectral Wind/Wave
of Bins Bins Bins Period Bins Misalignment Bins
720 6 5 6 4
480 6 4 5 4
240 6 4 5 2
160 4 4 5 2
128 4 4 4 2
96 4 3 4 2
Table 5.2: Input bins for the GP.
Preliminary work with the genetic program showed that the accuracy increase was
only appreciable for very low numbers of simulations; fewer than 1000. An assortment
of binning schemes was created to use as inputs to the genetic program, which are
listed in Table 5.2.
The GP results are compared to the bin reduction and probability sorting methods
discussed in Sections 5.1 and 5.2. Note that the error on the y axis is mean absolute
error. The estimates from the GP are very accurate compared to simply using the
coarse binning, however the results are similar in accuracy to the probability sorting
technique. One important consideration is that the GP and bin reduction methods
are both independent of probability distribution for the input selection. This means
that a designer can use the results after simulation to compare the lifetime at various
sites with different probability distributions, while for the probability sorting method,
the probability of the site dictates the simulations that need to be run.
As an example of the accuracy of the GP method, the DEL surface calculated
using only 96 simulations for fore-aft bending of the semi-submersible can be seen
in Figure 5.17. For comparison, the surface using all 30,888 simulations is shown in
Figure 5.18. These two plots are remarkably similar, especially considering that the
input to the GP in this case was the 48 points plotted in Figure 5.19 (only 48 points
can be seen in this plot because this plot is showing only aligned wind/waves; the
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Figure 5.15: Bin reduction and probability sorting method for tower FA bending DEL
for the spar buoy
other 48 inputs have 90 degree misalignment). Equation 5.7 is the function that the
GP created that is plotted in Figure 5.18.
DEL = log((Hs + sin(β))(0.6−Hseβ) ∗ log
( −0.95
sin(log(2.8Tp))
)
+ (12.7 ∗ cos(0.34 + log(U))))
(5.7)
There is also a computational cost associated with running the genetic program,
which changes the break even point in terms of cost vs. accuracy. Both the probability
convergence and bin reduction methods are almost instantaneous to calculate, but
the genetic program takes a few hours to converge, depending on the number of
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Figure 5.16: Bin reduction and probability sorting method for tower FA bending DEL
for the semi-submersible
simulations in the input. For this reason, the very low numbers of simulations scale
better for the GP; there are fewer simulations to run for the input to the GP, and
the GP itself runs faster. Importantly, there are many different settings for the
operation of the GP, and a parameter study of these settings for this problem could
both increase the accuracy and speed up the process, but this is outside the scope of
this dissertation.
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Figure 5.17: DEL surface calculated by the GP for 96 input simulations.
0
10
20
30
0
5
10
15
0
5
10
15
20
25
30
 
U (m/s)
Tower Fore−Aft Bending Moment DEL,
Aligned Wind/Waves
H
s
 (m) 
T p
 
(s)
DEL (kNm)
0
2
4
6
8
10
x 104
Figure 5.18: Target DEL surface of 30,888 individual simulations.
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Figure 5.19: Input to the GP for 96 simulation case.
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CHAPTER 6
AVIAN MICRO-SITING OPTIMIZATION
Avian impacts from wind turbines are an important topic, as improper siting and
design can lead to large collision risks. Harder to avoid are barrier effects, where even
if the birds avoid collision, the extra effort need to fly around the turbine may lead
to reduced energy, which can have a cumulative effect, especially during migrations.
There has been some work detailing strategies that both reduce avian impacts and
optimize wind power outputs, including curtailment control strategies [60], and vari-
ous micro-siting schemes [9]. The proposed research will seek to use a bird movement
model coupled with a simple wake effect and transmission cost model of a wind farm
to develop a Pareto optimal set of designs that show the tradeoffs associated with
bird impacts and power production. This framework will then be used to develop a
similar set of designs for floating wind turbines using a simple displacement model to
simulate the additional movement of floating turbines.
6.1 Avian Avoidance Model
Masden et al. have used radar data from a wind farm in Europe that tracked
common eider as they moved around the wind turbines [43]. A model that predicted
the birds’ movement was created using attraction and repulsion vectors. This model
has been implemented in MatLab, where it takes any wind farm layout as an input,
and plots a number of bird trajectories around that farm. As a preliminary analysis
and proof-of concept, this model has been implemented with a genetic algorithm that
optimizes the farm layout with respect to the total distance traveled by the birds.
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There is no cost of energy model integrated into these results yet. Figure 6.1 shows
an example of a wind farm with random placement of 100 turbines within a 200x200
grid of possible locations, with the corresponding bird tracks with the birds traveling
from left to right. Figure 6.2 shows the wind turbine locations after 50 iterations of
the genetic algorithm.
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Figure 6.1: Bird tracks for a random turbine grid
The optimized layout makes sense for the chosen bird trajectories. The genetic
algorithm has chosen an hourglass shaped farm, with no turbines near the “entrance”
and only a few, evenly spaced turbines in the “exit”.
6.2 Wake Loss Model
A simple wake loss model is added to the genetic algorithm. This model is based
on the Jenson wake loss model, also known as the Park model [25]. A MatLab
implementation developed by Mittal [45] is modified and implemented in the genetic
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Figure 6.2: Bird tracks for a grid optimized for minimum travel distance by 50 itera-
tions of a genetic algorithm
algorithm fitness function. For this proof of concept, wind from only a single direction
is considered. Since there are two goals for the optimization, a weighting parameter is
introduced. Equation 6.1 shows the optimization fitness function used in the genetic
algorithm.
FGA(i) = ω
Lmin
L(i)
+ (1− ω) P (i)
Pmax
(6.1)
In equation 6.1, FGA is the fitness that the GA is trying to maximize, ω is the
weighting factor, Lmin is the minimum length that the simulated bird would fly if
there were no turbines, L(i) is the length that the birds fly for turbine layout i, P (i)
is the power produced by layout i, and Pmax is the maximum power for the turbines
if there were no wake effects. By modifying the weighting factor ω between 0 and 1,
114
the genetic algorithm can be changed to optimize for a fitness with varying weight to
either power or bird flight length. Examples of the output with different weighting
factor values are shown in Figure 6.3.
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Figure 6.3: Bird tracks for 4 grids optimized with various weighting factors.
In these simulations, the wind is blowing from the north to the south. Interest-
ingly, there seem to be compatible features for the two optimization goals, including
having a row of turbines at the top and bottom of the grid. This is best for power
production, as there is incentive to put the turbines as spaced out in the north-south
direction as possible, and for the bird flight paths, due to the directions of the flight,
turbines at the top and bottom impact the flight patterns the least.
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This is a fairly simple example of this algorithm, and there are many other com-
binations of wind directions and bird flight directions that could be used to provide
a more realistic basis for optimization. However, it would be best to use site specific
data for this to have a useful result. This research should be used as a proof of
concept for this approach, and future work can use this algorithm to optimize using
more realistic inputs.
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CHAPTER 7
CONCLUSIONS
This dissertation has answered important questions about standards and design
loads for floating offshore wind turbines. As floating offshore wind turbines become
more common around the world, the conclusions of this dissertation will be more
widely used. The three important questions this research has answered are:
• What length of time should FOWT simulations be run for for convergence for
both operational and above cut-out conditions?
• What are the effects of wind and wave misalignment due to realistic conditions
on both fatigue and extreme loads of FOWTs?
• How can the total computational cost of running a design load case for a FOWT
be reduced?
Necessary simulation length of floating platforms can be a contentious issue. Con-
ventional wisdom in the floating oil and gas community uses very long simulations
by the standards of the wind industry. In this research, it was shown that for most
loads, the 10-minute simulations that have been the standard in the onshore and
fixed-bottom offshore wind energy industries are sufficient for floating offshore wind
energy as well. However, there are two important caveats with this conclusion. One
is that proper post-processing techniques should be observed; extreme loads from a
certain total simulation length should only be compared against extremes from the
same simulation length, and fatigue loads should be processed from all of the available
simulation time by concatenating outputs to reduce the effect of unclosed cycles. In
117
addition, due to the slow surge natural periods of the semi-submersible platform used
in this research, the mooring line and anchor loads needed longer simulation times to
produce accurate fatigue and extreme load estimates. This issue may become even
more important in the future when FOWT get even larger, and have slower modes of
motion.
Above cut-out conditions, the IEC design standard recommends six one-hour sim-
ulations for proper convergence of extreme loads. However, there is no mention as
to how converged this number of seeds is. To investigate this issue, a study using
1,000 seeds was carried out. The real question that needs to be answered to make
a recommendation as to number of seeds needed for convergence is how much risk
is allowable. Using results from sampling the pool of 1,000 seeds, the level of risk
for certain numbers of seeds was quantified for the spar buoy and semi-submersible.
This is especially useful as it allows a designer to determine the additional benefit of
running more simulations in terms of accuracy increases.
The misalignment of wind and waves is a common occurrence at offshore sites
and should be considered in a loads analysis. It turns out that for both floating
platforms, by considering only aligned wind and waves, not only is the side-side
tower fatigue damage under-predicted, but fore-aft tower fatigue damage is over-
predicted due to the amount of time a real site spends in misaligned conditions.
However, the recommendation of 30 degree misalignment bins that is mentioned in
the IEC standard is too conservative; it is possible to predict loads accurately while
only considering aligned and 90 degree waves, as long as the probability is handled
correctly.
If a designer were to run a full design load case using the recommended bins in the
IEC standard, it could take months, depending on the computational power available.
If the design load case was part of an iterative design process and had to be run many
times, the computation would be nearly impossible. Four methods were explored with
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the intent of reducing the number of simulations that were necessary to get an accurate
estimate of fatigue loads. Three show promise for implementation, but unfortunately
the response surface method does not have enough fidelity to produce accurate results.
However, the simplest method of increasing the size of the metocean condition bins
allows for large reductions in total simulation size while not significantly reducing
accuracy up to a point, around 5,000 simulations. If the probability distributions
of the site are known in advance, a more accurate method of only simulating some
number of the most likely conditions can work well. However, knowing how many of
the likely simulations needed for convergence requires extra simulations to be sure of
convergence, which reduces the effectiveness slightly. Finally a very promising method
using a novel genetic program has potential to have the accuracy of the probability
sorting method, without the reliance on knowing the probability distributions of the
site a priori, and the need of extra simulations to ensure convergence. The GP method
has some issues, namely, the GP only creates a function for one load output at a time,
so it must be re-run for each load, and running the GP itself takes time, so there is a
break-even point where it is just better to run more simulations and use a finer grid
based method.
Some of the recommendations made in this dissertation have already been im-
plemented in a new IEC standard guideline specifically for floating offshore wind
turbines. The conclusions of this dissertation will not only reduce uncertainty in de-
sign load analyses of future floating offshore wind turbines, but also give new tools to
designers allowing them to reduce the time needed to create accurate loads estimates
of new designs, potentially increasing the amount of innovation in the field.
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APPENDIX
MATLAB SCRIPT FOR DOWNLOADING NOAA BUOY
DATA
clear all
clc
clf
close all
%http://www.ndbc.noaa.gov/
% station = ’mdrm1’; % 5-digit station code from website
station = ’44009’; % 5-digit station code from website
stationname = ’DELAWARE BAY’; %name of folder to store the files in
yearstart = 1984; %year to start downloading
yearend = 2014; %year to stop downloading
mkdir(strcat(’NOAA Buoy Data\’,stationname))
for year = yearstart:yearend
fullURL = strcat(’http://www.ndbc.noaa.gov/view_text_file.php?filename=’...
,station,’h’,num2str(year),’.txt.gz&dir=data/historical/stdmet/’);
urlwrite(fullURL,strcat(’\NOAA Buoy Data\’,stationname,’\’,num2str(year),’...
.txt’)); %this line saves the files as ’year’.txt, can be changed if needed
end
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